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MICROCOPY RESOLUTION TEST CHART 
NATIONAL BUREAU OF STANDARDS 
| ! | pet -A ep | STANDARD REFERENCE MATERIAL 1010a 
dini: L: ` ` | | I ; s (ANSI and ISO TEST CHART No. 2) 





Notes to Table 6.1: 
to Table 6.1: 


(iv) Nominal power of he 


Radiator temperatures (feedwater/backflow) are 60/50 °C. Gas engine 


Ground water pump 
The coefficient of performance of the heat pump alone is 


2.6 at +8 °C underground water temperature and Thermal power of t 


-15 *C air temperature. The annual average COP of the | (measured at -15 *C 


total system, excluding the heat distribution system is Electricity consump 


3.9 i * 0.85). 1400 kWh/yr 


Capital costs: Radiator temperatur 


Heat pump 5400 


Heat source preparation 3000 The annual average 


Piping system 1200 


Radiators 2000 Capital cost: 


$ 
$ 
Connection & mounting of h.p. 600 $ | excluding heat dist 
' | 
$ 
$ 


Controls 600 Heat pump 
Gas ençine 
— Underground source 
Gas connection to t 
ssor: Dethlef Orth, KFA Jülich Mounting 
Piping system 


Gas Compression Heat Pump Radiator system 


Monovalent 
Water/Water 


Controls 
Space requirements, 


G 
d— Total 


15 kW 
- Assessor: Dethlef Orth 
See No. 10 (i) for the specification of the house and the 


d d. ! š 
eman No. 13 Diesel Compress1 


Monovalent 
Air/Water 
Germany 

15 kW 


The heat pump uses 2 m3/h of underground water at +8 °C 


(average temperature) as the heat source. 


Design outside temperature is -15 °C. 


See No. 10 (i) for 


demand. 


(ii) Design outside temp 










at pump sub-systems 
3.2 kW 
0.7 kW 


e gas engine exhaust:9.1 kW 
outside air temperature) 


tion for auxiliary systems: 


es (feedwater/backflow) are 60/50 °C. 


COP for heat generation is 1.8 
ribution (np = O.86) 


6000 

1800 

3000 

he house 900 
600 

1200 

2000 

600 

chimney 2300 
18400 





X» | à <> X <> X x X Q 


, KFA Jülich 


on Heat Pump 


the specification of the house and the 


erature is -15 °C. 


Notes to Table 6.1: 








Notes to Table 6.1: 



















Nominal power of heat pump sub-systems: 


Diesel motor 




























Air vent 















Thermal power of the diesel engine exhaust (measured 







at -15 *C outside air temperature: 8.0 kW 
Electricity consumption for auxiliary systems: 
1400 kWh/yr. 













Radiator temperatures (feedwater/backflow) are 60/50 


The annual COP for the heat generation averages to 1.65 








(excluding heat distribution: 









Capital Cost: 








Heat Pump 

Diesel motor 
Diesel tank system 
Mounting 


Piping system 






Radiator system 


Controls 














Space requirements, chimney 





N | <> <> < X < X un 


- Assessor: Dethlef Orth, KFA Jülich 





Gas Compression Heat Pump 





Bivalent, Oil Backup 
Air/Water 


Germany 






for the specification of the house and the 







demand. 
- Assessor: Dethlef Orth, KFA Jülich 


(ii) The heat pump, which is powered by a gas-fired I/C engine, 


is combined with a conventional oil burner which provides 
15 $ of the annual heat supply. The heat pump is designed 
for "parallel mode" operation in order to reduce the use 
of pipeline gas at peaking hours. The switching point is 
+3 °C: above this temperature the heat pump works only, 
below it the heat pump and oil burner contribute to supply 
the heat load. Peak output capacity is 7.5 kW at +3 °C 
outside temperature for the heat pump and is 15 kW at 

-15 *C outside temperature for the combined heat pump/oil 
burner. 


(iii) Gas motor 1.7 kW 


Air vents 0.2 kw 
3.5 kW 











Gas motor exhaust heat 










Radiator temperatures (feedwater/backflow) are 60/50 'C. 
The annual COP of the heat pump averages to 1.75. The 
efficiency of the oil backup system is 0.8. Heat 
distribution efficiency (ng = 0.85) is excluded. 


Capital costs: 





Heat pump $ 
Gas engine 1200 $ 
Gas cc.nection to the house 900 $ 
Mounting 600 $ 
Boiler 900 $ 
Oil burner 600 $ 
Oil tank system 300 $ 
Piping system 1200 $ 
Radiator system 2000 $ 
Controls 900 $ 
Space requirements, chimney 2300 $ 
Total 16000 $ 















Notes to Table 6.2: 










































30 
30 








Bu = Backup System 


kW 
20 
20 
20 
20 
20 











Germany 
Germany 





NOLLOSIHLSIG LWAH 


HP = Heat Pump 


TONOS LVH 


Air/Water Germany 


Water/Water | Germany 
Water/Water | Germany 


Air/Water 
Air /Water 





Heat Pumps for Two-Family Houses 


existing 


'IVNOLLVHdO 


bivalent 

Oil Backup 
monovalent 
monovalent 
monovalent 
bivalent 

Oil Backup 


e. 








TABLE 6.2 - 


Electric 
Compression 
Gas 
Campression 
Diesel 
Compression 
Gas 
Compression 


Compression 


Electric 





1 
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E 
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Electric Compression Heat Pumps 
Bivalent, Oil Backup 

Air/Water 

Germany 

20 kW 


The heat pump system is designed to provide space he 
and hot water for a two-family house in Germany with 
200 m? floor area, 686 m? internal volume and a coef 
ficient of mean thermal transmittance of 0.87 W/m? K 
The heat demand specifications are: 3000 degree days 
per year, 20 °C inside temperature. 


The heat pump is combined with a conventional oil 
burner which provides 30 % of the annual heat supply 
The heat pump operates under "alternate mode" condi- 
tions. The switching point is at +3 °C outside air 
temperature: above this temperature the heat pump 
operates, below it the oil burner takes over heat 
production. Peak output power is 10 kW at + 3 °C 
outside temperature for the heat pump, 20 kW at 


- 15 °C outside temperature for the oil burner. 


Air throughput: 6000 m?/h 


Electric power 


Compressor motor 4 kW 
Air vents 0.4 kW 


Annual electricity consumption: 


Compressor and air vents: 5236 kWh 


Auxiliary systems: 550 kWh 





Notes to Table 6.2 





Notes to Table 6.2 





Notes to Table 6.2 | Notes to Table 6.2 








( vii) Capital Costs: 
No. 3 Gas Compression Heat Pump 








Monovalent 


Radiator temperatures (feedwater/backflow): ut. | See No. 1 (i) for the specification of the house and | Water/Water 
the demand. 


Heat pump 


Gas engine 
Germany 


Heat pump 60/50 °C Cos 20 kW 
Oil Backup 90/70 °C : The heat pump uses 4 m?/h of ground water at *8 ° C 


Ground water well 
Connection to gas grid 


Mounting 
(average temperature) as the heat source. ; See No. 1 (i) for the specification of the house and 


The coefficient of performance of the heat pump is the demand. 
2.3 at +3 °C outside temperature. Over the year the | Design outside temperature is -15 °C. 


COP averages to 3.6. These figures do not include | Ë The heat pump uses 2.5 m?/h of ground water at +8 "Uu 


Piping system 

Radiators 

Controls 

Constructional extra cost 





the efficiency of the heat distribution and regulation | Electric power: U average temperature as heat source. 
(ny = 0.85) 


NMN X 4 X 4d X0 X X A 


Total System 


Compressor motor 8 kW Design outside temperature is -15 'C. 


- Assessor: Dethlef Orth, KFA Jülich 
Capital costs: | Ground water pump 0.7 kW 


Nominal power of heat pump sub-systems 


Heat pump Electricity consumption is 14 790 kWh/yr. 


Diesel Compression Heat Fump 





Air ducts Gas engine 4.3 KW 


: ° M lent 
Radiator temperatures (feedwater/backflow): 60/50 C | Ground water pump O.7 kW onovaien 


Air/Water 
Germany 
20 kW 


Connection and mounting of H.P 
Boiler 
Oil burner The coefficient of performance (COP) of the heat pump 


Oil tank 


Thermal power of the gas engine exhaust 12.2 kW 


compressor is 2.6 at +8 °C ground water temperature (measured at -15 °C outside air temperature). 


Piping system and -15 'C outside air temperature. The annual average Ó — 
I ! ' i ° i) for the specification of the house 
COP of the total system, excluding heat distribution, See No. 1 (1) P 


Radiators Electricity consumption for auxiliary systems: 


! and demand. 
is 3.9 (np= 0.85). 1 500 kWh/yr. 


Controls 


Constructional extra cost 





$ 
S 
S 
$ 
$ 
$ 
$ 
Š 
S 
$ 
Š 


Design temperature of the heat pump system is -15 °C. 


Total system Capital Costs: 


Radiator temperatures (feedwater/backflow): 60/50 "Ü 
Heat pump 


i ] w f heat pump sub-systems: 
- Assessor: Dethlef Orth, KFA Jülich ee Heat source preparation Nominal power o pump y 


Connection & mounting of H.P. 


The coefficient of performance (COP) of the compressor 


cycle (measured at -15 °C outside air temperature) 


Diesel engine 5.3 kW 
is 2. The annual/average overall COP for the heat 


Air vents 0.4 kW 


Electric Compression Heat Pump Piping system 

Monovalent | Radiators 

Water/Water Controls 

Germany ` Constructional extra cost 





generation, excluding heat distribution is 1.8 


(ny = 0.85). 





V |y v à X x Q A 


20 kW Total system 


- Assessor: Dethlef Orth, KFA Jülich 





- 285 - 








Notes to Table 6.2 | Notes to Table 6.2 
Thermal power of the diesel engine exhaust (measured ES j See No. 1 for specifications of the house and 
at -15 °C outside air temperature) is 10.7 kW. E demand. 
Electricity consumption for auxiliary systems is 
1 800 kWh/yr. x The heat pump is combined with a conventional oil 


burner which provides 15 % of the annual heat supply. 


(iv) Radiator temperatures (feedwater/backflow): 60/50 °C U The heat pump is designed for "parallel mode" opera- 
tion in order to reduce the use of pipeline gas act 





(V) The annual averaqe overall COP for the heat | a peakinq hours. 
generation, excluding heat distribution, is 1.65 | | 
(distribution efficiency: 0.85). x ; The switching point is at 3 °C outside air tempera- 
| ture: above this temperature only the heat pump 
(vi) Capital Costs: | J E operates, below it heat pump and oil burner contribute 
Heat Pump 8 100 $ | to supply. 
Diesel engine 2 520 $ Output power of the heat pump at +3 "C outside air 
Diesel tank system 420 $ temperature is 10 kW. 
Mounting 600 $ 
Piping system 1 400 $ Nominal power of heat pump sub-systems: 
Radiators 2 100 $ 
Controls 600 S Gas engine 2.3 KW 
Constructional extra cost 3 000 Š Air vents O.3 kW 
Total system 18 740 $Š 
| Thermal power of the gas heat pump exhaust (measured 
- Assessor: Dethlef Orth, KFA Jülich F at +3 °C outside temperature) 4.7 kW. 
No. 5: Gas Compression Heat Pump | I Radiator temperatures (feedwater/backflow): 50/50 "Ce 





Bivalent, Oil Backup | 
Air/Water i The annual COP of the heat pump averages to 1.75. The 


Germany : | 3 efficiency of the oil backup system is 0.8. Heat dis- 


20 kW | | | tribution efficiency is excluded ( ng - 0.85). 
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(Vi) Capital costs: 


Heat pump 

Gas engine 

Connection to gas grid 
Mounting 

Boiler 

Oil burner 

Oil tank 

Piping system 
Radiators 


Controls 


Constructional extra cost 





Total system 


Assessor: Dethlef Orth, 


KFA Jülich 


Ui X < V XO X X XO A X XA 


TABLE 6.3 - Heat Pumps to Multi-Family Houses 


NATIONAL BUREAU OF STANDARDS 
STANDARD REFERENCE MATERIAL 1010a 
(ANSI and ISO TEST CHART No. 2) 





Notes to Table 6.3 





No. 1 Electric Compression Heat Pump 





Bivalent, Oil Backup 
Air/Water 





Germany 
78 kW 


$/KW | g/kW 





The heat pump system is designed to provide space heat 


Yrs 


and hot water for a 12-family house in Germany with 





900 m? floor area, 3120 m? internal volume and a 


coefficient of mean thermal transmittance of 1.13 W/m? K. 





Tne heat demand specifications are 3000 degree days 


per year, 20 °C inside temperature. 





The heat pump is combined with a conventional oil 


burner which provides 30 $ of the annual heat supply. 





The heat pump operates under "alternate mode" con- 


ditions. The switching point is at +3 °C outside air 





temperature: above this this temperature the heat pump 


e. 


operates, below it the oil burner provides for the re- 





quired heating on its own. Peak output power is 39 kW 


78 
78 


at +9 °C outside temperature for the heat pump, 78 kW 





at -15 °C for the oil backup system. 


,3 
p3 
Bu = Backup System 


land 
land 


Air throughput: 23 000 m?/h 





NOLL(OHINLSIG LWAH 
AWNNOS IVAH 


Electric power: 


Compressor motor: 16 kW 
Air vents: 1 kW 


Water /Water | Switzer- 
Air/Water  |Switzer- 
ieat Pump 


Air/Water  |Germany 
Water/Water|, Germany 
Water/Water | Germany 
Air/Water  |Germany 





“ICON 
'INNOLLV2THdO 


HP 


Annual electricity consumption: 


bivalent, 
Oil Backup 


monovalent 
monovalent 


bivalent 
Oil Backup 
monovalent 
bivalent 
Oil Backup 


Compressor and air vents: 18 445 kWh 





Auxiliary systems: 700 kWh 


Electric 
Compression 


Campressicn 


Electric 


Electric 
Campression 
Gas 
Campression 
Gas 
Compression 


Electric 
Campression 
































2 
3 
5 
6 
7 











(ii) Design outside temp 


Notes to Table 6.3 





(v) 


(vi) 


(vii) 





Radiator temper: 
Heat Pump 
Oil Backup 


The coefficient 
is 2.3 at +3 °C 
the COP averages 
the efficiency c 
( "p = 0.85). 


Capital costs: 


Heat pump 
Air ducts 
Connection a 
Boiler 

Oil burner 
Oil tank 
Piping syste 
Radiators 
Controls 


Construction 





Total system 


一 Assessor: De 


Electric Compres 
Monovalent 
Water/Water 
Germany 

78 kW 


See No. l (i) fo 
the demand. 


erature is -15 °C. 


- 290 =< 


ature: (feedwater/backflow): 
60/50 °C 
90/70 °C 


of performance of the heat pump 


outside temperature. Over the year 


| to 3.6. These figures do not include 


if heat distribution and regulation 


nd mounting of H.P. 


al extra cost 


13 


800 


l 680 
1 920 
1 560 


640 
660 


3 530 
6 190 


990 
400 


Notes to Table 6.3 








thlef Orth, KFA Jülich 


sion Heat Pump 


r the specification of the house and 


36 


370 


N JN < < X < X X XO XO xn 


The heat pump uses 15 m?/h of ground water at +8 


average temperature as heat source. 


Design outside temperature is -15 'C. 


Electric power 


Compressor motor 30 kW 
Ground water pump 1.5 kW 


The annual electricity consumption is 53 550 kWh. 


Radiator temperatures (feedwater/backflow): 60/50 °C. 


The coefficient of performance (COP) of the heat pump 
alone is 2.6 at +8 °C ground water temperature and 
-15 *C air temperature. The annual average COP 

of the total system, excluding heat distribution is 
3.9 (np = 0.85). 


Capital costs: 


Heat pump 

Heat source preparation 
Connection and mounting of H.P. 
Piping system 

Radiators 

Controls 


Constructional extra cost 





A i X x0 V X X X^ 


Total system 


- Assessor: Dethlef Orth, KFA Jülich 


Notes to Table 6.3 





No. 


3 





Gas Compression Heat Pump 
Monovalent 

Water/Water 

Germany 

78 kW 


See No. 1 (i) for the specification of the house and 


the demand. 


The heat pump uses 7 m?/h of ground water at +8 °C 


average temperature as heat source. 


Design temperature of the heat pump system is -15 °C. 


Nominal power of heat pump sub-systems: 


Gas engine 18 kW 
Ground water pump 1.5 kw 


Thermal power of the gas engine exhaust (measured at 


-15 *C outside air temperature): 42 kW. 


Electricity consumption for auxiliary systems 
2 700 kWh/yr. 


Radiator temperatures (feedwater/backflow): 60/50 °C. 


The annual average overall COP for the heat genera- 


tion, excluding heat distribution, is 1.8 (hp 20.85). 
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Notes to Table 6.3 





Notes to Table 6.3 





(vii) 














i (iv) 
Capital Costs: 
(v) 
Compressor cycle $ 
Gas motor $ 
Ground water well S 
Connection to gas grid $ 
Mounting $ 
Piping system $ f 
| (vi) 
Radiators S 
Controls $ 
Constructional extra cost $ 
Total system $ 
- Assessor: Dethlef Orth, KFA Jülich 
Diesel Compression Heat Pump 
Monovalent 
Air/Water 
Germany 
78 kW 
See No. 1 (i) for the specification of the house 
No. 5: 
and the demand. 
Design outside temperature is -15 °C. 
Nominal power of heat pump sub-systems 
| (i) 
Diesel engine 15.5 kW 
Air vents 1.0 kW 
(ii) 


Thermal power of the diesel engine exhaust (measured 


at -15 °C outside air temperature) 41 kW 


Electricity consumption for auxiliary systems: 
5 900 kWh/yr. 


Radiator temperature? (feedwater/backflow): 60/50 


The coefficient of performance (COP) of the compres 
cycle (measured at -15 °C outside air temperature) 
1.8. The annual average overall COP for the heat 
generation, excluding heat distribution, is 1.65 


(ng = 0.85). 


Capital costs: 





Heat pump 23 400 S 
Diesel engine 4 620 $ 
Diesel tank system ] 560 S 
Mounting 1] 200 S 
Piping system 3 530 $ 
Radiators 9 070 $ 
Controls 720 $ 
Constructional extra cost 5 400 $ 
Total system 49 500 $ 


- Assessor: Dethlef Orth, KFA Jülich 


Gas Compression Heat Pump 
Bivalent, Oil Backup 
Air/Water 

Germany 

78 kW 


See No. 1 for specificatior of the house and the 


demand. 


The heat pump is combined with a conventional oil 
burner which provides 15 $ of the annual heat suppl 
The heat pump is designed for "parallel mode" opera 
tion in order to reduce the use of pipeline gas at 


peaking hours. 


Sor 


Notes to Table 6.3 








Notes to Table 6.3 





The switching point is at *3 °C outside air tempera- 
No. 6: 





ture: above this temperature only the heat pump 
operates, below it both the heat pump and the oil 
burner contribute to supply. Output power of the heat 
pump at +3 °C outside air temperature is 39 kW, and is 
78 kW at -15 °C outside temperature for the heat pump/ 


oil burner combination. 


Nominal power of heat pump sub-system 


Gas engine 5 kW 
Air vents 0.7 kW 


Thermal power of the gas heat pump exhaust (measured 


at +3 °C outside temperature): 18.3 kW 


Radiator ‘temperature (feedwater/backflow): 60/50 "Ca 


The annual COP of the heat pump averages to 1.75. The 


efficiency of the oil backup system is 0.8. Heat 


distribution efficiency (ng - 0.85) is excluded. 


Capital costs: 
Heat pump 400 
Gas engine 2 400 
Connection to gas grid 900 
Mounting 900 
Boiler i 560 
Oil burner 640 
Oil tank 660 
Piping system 3 530 
Radiators 9 070 
Controls 900 
Constructional extra cost 4 500 $ 
Total system 33 550 $ 





X X X X V X X ox X X 





_- Assessor: Dethlef Orth, KFA Jülich 


Electric Compression Heat Pump 
Monovalent 

Water/Water 

Switzerland 

40.5 kW 


The heat pump is designed to provide space heat for 
an 8-family house at Bern in Switzerland with 517 m? 
floor area, 2210 m? internal volume and a coefficient 
of mean thermal transmittance of 0.74 W/m? K. The heat 
demand specifications are: 3 870 degree days per year. 


20 *C inside temperature. 
Design temperature of the heat pump system is -11 °C. 


Electricity consumption of the heat pump and the auxi- 


liary systems is 19 000 kWh/yr. 
Radiator temperatures (feedwater/backflow): 55/45 °C. 


Capital cost estimated to be $ 41 500. 


No cost breakdown available. 


- Assessor: J. Wochele, Eidgenóssisches Institut für 
Reaktorforschung, Würenlingen, Switzer- 
land. 


Electric Compression Heat Pump 
Bivalent, Oil Backup 

Air/Water 

Switzerland 

40.5 kW 


See No. 5 (i) for the specification of the house and 
the demand. 


The heat pump is combined with an oil backup system 
which provides 50 $ of the annual heat supply. 


COEM 


Notes to Table 6.3 





Design outside temperature is -11 °C 


Electricity consumption of the heat pump and auxiliary 
systems is 11 400 kWh/yr. 


Radiator temperatures (feedwater/backflow): 55/45 °C. 


Capital cost estimated to be $ 50 700. 
No cost breakdown available. 


— Assessor: J. Wochele, Eidgenóssisches Institut für 
Reaktorforschung, Würenlingen, Switzer- 
land 
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7. TRANSPORT TECHNOLOGIES 


Jen Cars 





In 1980 the world, excluding the Soviet Union, Eastern Europe 
and China. consumed 634 million tonnes of gasoline, represen- 
ting 27 % of a total consumption of 2375 million tonnes of oil 
products (Ref. 7.1). Aside from the comparatively small volumes 
used by boats and light aircraft, this gasoline was used almost 
entirely by cars, trucks and other road vehicles. Some 404 
million motor vehicles were on register in the world in 1980 
(Ref. 7.2) of which 315 miilion were cars, the largest fraction 
of which were fuelled by gasoline with most of the remainder 
running on diesel. In addition, 89 million trucks and buses 
were predominantly fuelled by diesel with a small fraction 
running on gasoline. Therefore, the potential for oil savings 
by either transport fuel substitution or increased efficiency 


of use by vehicles is enormous. 


A number of alternative transport energy forms are already 
making inroads into the road vehicle markets traditionally held 
by gasoline and automotive diesel oil, or are potentially 
capable of doing so. These fuels are 

o liquefied petroleum gas (LPG) - i.e. propane and butane 
produced by oil refineries or co-produced with crude oil 
and natural gas from sedimentary deposits, 

o the alcohols, methanol and ethanol, which are produced 
from coal, natural gas or biomass, and which can be used 
in pure form or in blends with gasoline and diesel oil, 

o vegetable oils from seeds, and hydrocarbons in latex form 
from various plants such as those from the Euphorbia and 
Asclepias families, 

o compressed natural gas (CNG), 
hydroaen gas, and 


stored electricity. 
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The opportunities for increasing fuel economy in cars are 
considerable and significant progress has already been made 
since the 1973/74 leap in oil prices. In 1974 the average car 
sold in the U.S.A. achieved a fuel consumption of 18 lit- 
res/100 km (equivalent to a fuel economy of 13 miles per U.S. 
gallon). By 1980 the consumption had fallen to an estimated 
12.4 litres/100 km (19 m.p.g). By mandate of Congress the fleet 
of automobiles built for the 1985 model year must achieve an 
average of 8.5 litres/100 km (27.5 m.p.g.), as measured by 
dynamometer tests administered by the Environmental Protection 
Agency (Ref. 7.3). 


Such reductions in fuel consumption have been mainly achieved 
by decreasing vehicle mass and engine size and by increasing 


engine efficiency. 


Vehicle mass is an extremely important factor - the 18 litres/ 
100 km consumption value might be associated with a 6 litre V8 
powered 1850 kg car (Ref. 7.4), while the 12.5 litres/100 km 
consumption is characteristic of a 4 cylirJer, 2 litre car with 


a mass of 1300 kg. 


Ref. 7.5 proposes a formula to calculate the fuel consumption 
(F) of various vehicles of different mass (M) containing 4, 6 
and 8 cylinder engines of capacities (C) of 1 to 6 litres. The 


formula is 


F (litres/100 km) 4.4 + 0.0061 M (kg) + 0.75 C (litres) + An 


where An -1.4 for n 4 cylinders 
-0.9 for n 6 
and 0.25 for n 8 


Reference 7.3 gives a specific example of how mass and engine 
size can be reduced by good design without dramatic loss in the 
utility of useful interior space. One of the new Chrysler 


'K cars', the five-passenger 1981 Plymouth Reliant has an 





unloaded 'curb' mass of 1040 kq and, with the addition of an 
average load for U.S. urban driving of 140 kg, has a 'test' 
mass of 1180 kq. The curb mass is 485 kq (30 percent) less than 
the 1980 Plymouth Volaré with a sacrifice of only 4 percent in 
the volume of the passenger compartment and 6 percent in the 
trunk space. As a result of this mass reduction the engin power 
has been reduced from 89 kW to 63 kW with a corresponding fall 
in consumption from 14 litres/100 km to 9.8 litres/100 km. An 
important design change in Reliant was the changeover to front- 
wheel drive with the engine mounted transversely (a common 
European feature). This permits a shortened engine compartment 
and eliminates the long heavy drive shaft and the associated 


tunnel through the passenger compartment. 


Reference 7.3 comments that further major reductions in weight 
could be qained by replacing steel with aluminium, fiber-rein- 
forced plastics and foam-filled structures permitting ultimate 


weights 40 percent less than those persently being achieved. 


In stop-and-go driving under 30 km/hr, it is vehicle mass and 
the overcoming of rolling resistance that primarily determines 
fuel consumption, but at speeds above that, air resistance 
becomes important. For every doubling of the speed, aerodynamic 
drag increases fourfold and the engine power required to cope 
with it is eight times as great. At 90 km/hr highway cruising, 
a conventional medium-sized sedan uses roughly 65 percent of 
its engine power to overcome air resistance. In this regard, 
important parameters of a vehicle are frontal area (typically 2 
square metres for a modern medium sized car) and the aero- 
dynamic drag coefficient which is a relative measure of the air 
resistance of a body. A flat square plate has a coefficient of 
drag (CD) of 1.17. The average late-model car has a CD of about 
0.45 but modern design has achieved CDs of 0.31 - 0.35 (Ref. 
7.6). 


Reduction of tyre rolling resistance by switching from cross- 
ply to steel-cased radial-ply tyres can also give significant 


fuel savings (approx. 5 $). 



































There are cpportunities for increasing the overall efficiency 
of road vehicles by means of technical improvements to the 
transmission that delivers power to the wheels. In present day 
cars, the gearing of transmissions usually provides for the 
selection of only two to four specific rotational speeds of the 
engine for a given road speed. As a result, in acceleration 
from zero to 80 km/hr with a manual transmission, the average 
engine power output is usually limited to about 80 percent of 
the peak output (Ref. 7.3). 


An ability to harness the engine's peak power at all road 
speeds would be provided by a continuously variable trans- 
mission (CVT). CVT systems are under intensive development but 
as yet, are not sufficiently cheap, reliable and efficient for 
commercialisation. If they become commercially available it is 
likely they will be under microprocessor control in the vehicle 
allowing the automatic selection of the most efficient engine 


speed with a given power output. 


The issues of vehicle mass, aerodynamic drag and drive trans- 
mission raised above are common to all cars irrespective of 
engine type and fuel used (although the consumption values 
quoted above as examples, were for the familiar gasoline 
fuelled otto cycle engine). In parallel to developments in 
these areas of vehicle design, considerable effort is going 
into improving the fuel economy of spark ignition (otto) and 
diesel engines themselves, consistent with tighter emissions 
requirements. A brief overview of these developments is given 


in Section 7.1.1. 


As well, existing types of engines are being modified to handie 
other liquid and gaseous fuels. Section 7.1.2 discusses the 
possibilities for using alcohol fuels and Section 7.1.3 treats 
CNG and LPG. Section 7.1.4 briefly considers the electric 
battery vehicle and Section 7.1.5 summarizes key economic and 
technical data provided by Australian and Italian assessors for 


automobile technologies. 


7.1.1 Otto and Diesel Engines 





All engines must complete a cycle of events which typically 
proceed in order of induction, compression, heat addition, 


expansion and heat rejection. In the conventional otto (spark 


ignition) engine a uniform air/fuel mixture enters the cylinder 


as the piston moves down (inductionstroke) and is compressed by 
the rising piston. Heat is produced at constant volume in the 
cylinder after the fuel is ignited by the spark-plug. The 
piston is driven downwards doing work in the expansion (power) 
stroke. In a return stroke of the piston the products of 
combustion are exausted to the atmosphere where final heat 
rejection takes place. The ratio of the cylinder volume at maxi- 
mum expansion to the volume at maximum compression is called 
the compression ratio. Higher compression ratios mean higher 
thermal efficiencies, more power relative to weight and better 
fuel economy. However, if the compression volume is too high 
the fuel will self ignite (predetonate) resulting in 
destructive engine 'knock'. The development of higher quality 
(high octane) gasolines containing increased volumes of 
knock-resistant hydrocarbons permitted designers to increase 
compression ratios over the years. However, this trend may not 
continue as the quality of oil feedstocks will decline with 
resource depletion. Raising compression ratios also acts to 
shift energy consumption to the refinery, which needs more 
crude oil and more capital to make higher-octane fuel, 
particularly now that tetramethyl and tetraethyl lead are 


falling out of favour as octane boosters, for various 


environmental reasons. 


In the high speed compression ignition diesel engine air alone 
is compressed during most of the compression stroke. Fuel 
injection begins before the end of the compression stroke and 
before the air is hot enough for fuel ignition. Oil accumulates 
and after ignition occurs, there is a period of burning at 
constant volume and rising pressure. A period of further 
injection occurs during which the cylinder executes an 


expansion stroke with burning occuring at constant pressure as 
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nber at the same time that a very lean 


mixture enters the main chamber through a separate intake 
valve. The spark plug fires the rich mixture, which in turn 
ignites the lean main mixture. This results in a stable slow 
burn with low peak temperatures minimising nitrogen oxide 
formation but with mean temperatures high enough to limit 


releases of carbon monoxide and hydrocarbons. 


In the other type of stratified charge engine, still under 
development (Ford Proco and Texaco TCCS), fuel and air are 
directly injected into the cylinder with special intake porting 
and cylinder head design intended to cause swirling. This re- 
sults in a rich burn mixture near the flame front originating 
from a long duration spark. In the Texaco engine, fuel in- 
jection occurs late as the piston nears the end of the com- 
pression stroke, thereby avoiding predetonation with a resul- 
ting greater tolerance for low octane fuels. Because ignition 
is positive using a spark, there is no demand for a high cetane 


fuel either. 


The Texaco engine shares a desirable feature with the diesel 
engine: the air is not throttled. Load control is achieved by 
varying the air/fuel ratio. In the ordinary gasoline engine the 
controls keep a more or less fixed air/fuel ratio but throttle 


the overall airflow. 


The advanced statified charge engine promises to be at least 30 
percent more efficient than current spark ignition engines; 
meet stringent emission standards; be capable of burning a wide 
variety of fuels; and, be cost-competitive with standard pro- 
duction engines, although its fuel injection and ignition 


systems are somewhat more expensive (Ref. 7.7). 


Improvements to automotive diesels are likely to come from a 
switch to direct fuel injection and the use of turbochargers. 
All current production passenger car diesels use indirect fuel 
injection designs with some kind of precombustion chamber into 
which fuel is injected. Fuel economy of the direct injection 
diesel is abcut 10 - 15 $ better than that of the indirect 


version. This is attributable to a faster burn rate, absence of 
throttling losses between the precombustion chamber and the 
main chamber, and the elimination of thermal losses associated 
with the precombustion chamber. Unfortunately, the direct 
injection diesel is slower, widening the gap further between 
the specific power output of the diesel and the gasoline engine 
of equivalent displacement. Emissions are also worse than the 
indirect injection diesel, which already has severe problems 
with nitric oxide and particulates output when compared with 


the gasoline engine. 


Turbocharging is standard on large truck diesels and is now 
being introduced in car engines (for example, in the Peugeot 
505). The turbocharger is a combination of a turbine and a 
compressor. The turbine is spun by the exhaust gases while the 
compressor, which is on the same shaft, pushes extra air into 
the cylinder and thereby allows additional fuel to be burned on 
each power stroke. Turbocharging automotive diesels has made 
possible fuel-economy advances of between 10 and 15 percent 
(Ref. 7.3). A Volkswagen Rabbit (Golf) with a test mass of 
1090 kg and a turbocharged diesel engire was built in 1976 for 
the U.S. Department of Transportation. This vehicle achieved a 
composite drive cycle consumption of diesel fuel of 3.9 
litres/100 km. Since the gross calorific value of automotive 
diesel oil is 38.3 MJ/litre and that of gasoline about 34.7 
MJ/litre, this consumption corresponds to about 

4.3 litres/100 km for an equivalent gasoline powered car. This 
result is dramatic evidence of what might be achieved in fuel 


savings using currently available technology. 


Zehen Alcohol Fuelled Cars 





The alcohols methanol and ethanol can be used in spark ignition 
engines in either pure form or mixed with gasoline. Table 7.1 
details some relevant properties of methanol, ethanol and 


gasoline. 


TABLE 7.1 - Comparative Properties of Methanol, Ethanol 





and Gasoline 








Property Methanol | Ethanol | Gasoline (Typical) 





regular - premium 
Density (g/cm?) 0.796 0.794 0.72 - 0.76 
Research Octane Number 105 110 89-92 and 97-100 


Blending Research Octan 
Number 


a 120-135 120-135 


Calorific Value MJ/L: 
gross 
net 
Boiling Point at 
atmospheric pressure . to 180-200 
(°C) 


Stoichiometric air/fuel 
ratio (wt.) 




















Source: Ref. 7.9 as taken from 1977 issue of Technical 
Data on Fuel for all data other than blending 
RON. 





Spark ignition engines presently in production can run on 
blends with a methanol content up to 3 percent by volume (M3) 
or an ethanol content up to 10 percent by volume (E10) with no 
effects on drivability or durability of engine and fuel system 
components. For higher methanol concentrations such as M10 to 
M15 it is usually sufficient to simply adjust the idle speed 
and mixture strength to prevent stalls. It was reported (Ref. 
7.9) that some vehicles with carburettors adjusted to lean 
air/fuel mixtures in order to meet Australian emission 
standards suffered poor drivability (hesitating, surge, power 
fade on light acceleration) on M10 as a result of additional 
'leaning-out' by the methanol. However, with enlargement of the 


carburettor jet, acceptable drivability was obtained for blenas 


up to M25. 





' 
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The air/fuel ratio for complete (stoichiometric) combustion is 
lower for methanol than for gasoline (Table 7.1). A blend of 
methanol with gasoline therefore requires less air for complete 
combustion than does gasoline alone. Since a carburettor con- 
trols the ratio of air to fuel, the consequence of passing a 
blend through a carburettor adiusted correctly for gasoline is 
the production of a leaner mixture than optimal for blend 


burning conditions. 


Care must be taken that the blend of methanol and gasoline 
meets acceptable fuel specifications particularly with respect 
to critical properties such as octane numbers and volatility. 


Methanol has a high octane number. However, the octane rating 
of a blend cannot be calculated from the simple average of the 
octane ratings of methanol and gasoline, weighted for composi- 
tion. Methanol in the blend raises its octane rating more than 
this weighted mean would predict. This has given rise to the 
concept of 'blending octane' values (Table 7.1) which take 


account of such a synergistic effect (Ref. 7.10). 


The octane number of a gasoline is determined by two different 
methods, the research and the motor methods, producing respec- 
tively the research octane number (RON) and the motor octane 
number (MON). Neither number fully reflects the tendency to 
pre-ignition in the engine in real operating conditions. Under 
full-throttle, high speed, heavy load conditions MON is the 
better indicator; under others RON is the more appropriate. The 
RON of a gasoline is significantly raised by blending with 
methanol; MON may be only slightly raised. 


Methanol is a relatively low boiling compound (60 °C) but, more 
importantly, it forms low boiling point azeotropes with some of 
the hydrocarbon compcnents of gasoline. Adding methanol to 
gasoline, therefore, appreciably raises the volatility of the 
fuel and increases the tendency to hot-fuel handling problems 
such as fuel line vapour lock and fuel starvation of engines 
when hot, or when re-starting after standing for a limited 


period. This tendency can be overcome by removing some of the 


most volatile component (butane) from the gasoline at the 
refinery (Ref. 7.11). 


Methanol has about half the calorific value of gasoline on a 
volume basis (Table 7.1) and, if that were the sole 
determinant, one litre of methanol would be equivalent to about 
0.5 litres of gasoline. However, early work by Volkswagen 
suggests that an energy enhancement in the order of 3 - 5 $ is 
obtained with a M15 blend (Ref. 7.9). 


Other vehicle trials have shown a wide spread in results, a 
difficulty being that the effect being studied is smaller than 
the variations caused by different drivers and driving patterns 
and conditions. However, recent New Zealand vehicle trial data 
supports the existence of a energy enhancement effect with 
methanol blends (Ref. 7,11). The tests involved a wide range of 
vehicles, both pre-emission and emission controlled, under a 
variety of driving conditions with M5, M10. M15 and M25. These 
data suggest that a gasoline equivalence of 0.8 litres per 
litre of methanol should be allowed for vehicles not car- 
buretted for lean burn and an equivalence not less than 0.6 
allowed for emission controlled lean burn vehicles. The sense 
of the term 'gasoline equivalence' is readily shown using M15 


as an example where 


fuel consumption using gasoline 
gasoline equivalence = fuel consumption using M15 - 0.85 








0.15 


and where the fuel consumptions are expressed in litres per 
100 km. 


Material compatibility evaluations indicate that for M10 
through to pure M100 a number of fuel system components require 
replacement. The most susceptible material/component combina- 
tions are plastic carburettor floats, plastic fuel lines and 


tanks, and rubber petrol pump diaphragms. Methanol can cause 





which provides 50 $ of the annual heat supply. 


crazing and cracking or even complete disintegration of some 
nylons, polyurethane and plasticised PVC. However, satisfactory 
alternatives such as certain nylons, high density polyethylene 
and teflon are available to the automotive manufacturers (Ref. 
7.9). 


Methanol and gasoline will mix in any proportions. However, if 
water is present the degree of miscibility is greatly reduced. 
If the miscibility limit is exceeded, two liquid layers are 
formed (phase separation). The lower (heavier) layer contains 
virtually all the water and most of the methanol, while the 
upper layer is almost all gasoline. A vehicle will not run on 
the water-methanol phase. With low blends of methanol the 
amount of water that can be tolerated is quite small (0.1 $ in 
M15 at 20 °C). Evidence to date indicates that entry of 
moisture into normally capped vehicle fuel tanks is insuffi- 
cient to cause phase separation. However, many older vehicles 
could have small quantities of water in fuel tanks which may 
require emptying. In most cases, however, the addition of a 
small quantity of a higher alcohol (for example 1 - 2 $ 
isobutanol) to the blend will increase its water tolerance 
sufficiently (Ref. 7.10). 


The suitability of ethanol as a gasoline blendstock and its 
method of production are discussed elsewhere in this report 
(Section 4.11). 


Experience with ethanol blends is growing rapidly in Brazil 
where E20 is marketed commercially, although the vehicle fleet 
is somewhat atypical in that it consists mostly of air cooled 
Volkswagen cars previously operating on very low RON gasoline. 
Elsewhere, experience with E10 has been favourable - Ref. 7.12 
reports a 2 - 3 percent increase in average energy economy for 
a fleet of 14 vehicles with a variety of engine sizes and 
emission control systems. As with methanol, the increase in 
energy economy is a consequence of the leaning of the air/fuel 


mixture by ethanol. 


Ethanol can be produced from starch and sugar crops wherever 
there is suitable land and available water supply, but the 
major difficulty for most countries would be to provide 
sufficient land to produce significant quantities of ethanol 
without impinging on food and fibre production. Only countries 
such as Brazil with the potential for massive agricultural 
expansion can consider ethanol production as a major contri- 


butor to the liquid fuel supply. 


When alcohol fuels are used in engines in a pure form or in 
high concentration blends (e.g. M90), maximum benefit is 
obtained by completely redesigning the engine to take advantage 
of the high research octane number. The compression ratio can 
be raised from about 9 to 1 up to 12 to 1, the ignition timing 
can be optimised and spark plugs with a suitable heat range 


choosen (Ref. 7.13). 


Pure alcohols present cold start difficulties and a choice has 
to be made between using 85 - 90 percent alcohol with a 10 - 15 
percent volatile gasoline component or making special design 
arrangements such as a pre-heater bowl attached to the 


carburettor for vaporising an initial charge of alcohol. 


Ref. 7.13 reports on a Mercedes-Benz 280 SE designed to run on 
either M100 or E100. From the original 136 kW of the gasoline 
version the output rises to 146 kW with E100 und 150 kW with 
M100. The torque curve for the alcohols is displaced upwards 
almost parallel to the gasoline curve, and from 240 Nm at its 
best point with medium- grade gasoline is raised to 259 Nm for 
F100 and 270 Nm for M100. The minimum fuel consumption with 
E100 was 366 g/kWh and 491 g/kWh with M100 which, based on the 
net calorific values and densities given in Table 7.1, corres- 
ponds to efficiencies of 36.8 $ for methanol and 36,1 $ for 


ethanol. 


Ref. 7.13 reports that 22 vehicles with 9 : 1 compression 
ratios have run on M100 as part of a fleet test carried out by 


Daimler-Benz and the West German Federal Ministry for Research 


and Technology. The first vehicles have covered more than 
60,000 km without any failure, but no final conclusion can be 
reached concerning durability until the end of 1982 or 1983 
when the test is completed. 


Tokod LPG and CNG cars 














Liquefied petroleum gas (LPG) is a generic term covering the 
light hydrocarbons propane, propene, butanes and butenes, which 
are gaseous at normal temperatures and pressures but which are 
readily stored as liquids at normal temperature and moderate 
pressure (about 800 kPa), or at normal pressure at reduced 
temperatures (- 42 °C). LPG is a versatile but resource limited 
fuel with industrial, domestic and commercial heating appli- 
cations and it is also an important chemical feedstock. 
Automotive use of LPG is at the expense of these other final 


demand sectors. 


Natural gas which is essentially methane with small amounts of 
ethane, hydrocarbon gases and carbon dioxide can be stored in 
cylinders aboard vehicles as compressead natural gas (CNG). 
Cylinders typically contain a quantity of gas compressed at 
about 17 MPa and equivalent in energy content to about 12 
litres of gasoline. The gas would occupy about 10 m? at 


atmospheric temperature and pressure. 


Both LPG and CNG àre in widespread use as gasoline replacement 
fuels, particularly in Europe where over one million cars and 
commercial vehicles operate on LPG and over a quarter of a 
million on CNG (Ref. 7.14). In Holland a network of some 2000 
outlets supply more than 500,000 tonnes of LPG to about 350,000 
vehicles, private and commercial. In Italy more than 750,000 
tonnes of LPG are distributed to over half a million vehicles 
and about 250 fuelling stations distribute CNG to about quarter 


of a million vehicles. 
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Both LPG and CNG demonstrate similar vehicle performance 
characteristics and can be used in spark ignition engines with 
modification to the fuel storage and fuel line systems. Engines 
need not be modified, although the high octane ratings of these 
fuels are better suited to high compression engines (up to 
12:1). Because of the gaseous nature of the fuels, engine life 
of converted gasoline vehicles will be significantly extended, 
with engine wear, spark plug and oil deterioration 
substantially reduced (Ref. 7.14). 


Penalties incurred with conversion to gaseous fuels are slight 
power losses and slightly increased acceleration times. The 
gaseous nature of CNG results in reduced on-vehicle storage in 
comparison to gasoline. This results in a reduced vehicle range 
of between 30 - 50 percent of gasoline vehicles. Storage 
cylinders of both CNG and LPG intrude upon the trunk space of 


cars. 


Both gaseous fuels are unleaded and this may cause some valve 
and valve seat wear under high load conditions but this can be 


rectified by the use of hardened valves and valve seats. 


Diesel engines can be operated on both CNG and LPG, although 
such conversions are not as popular as spark ignition engine 
conversions and normally require a diesel blend for fuel 
ignition. Ignition still depends on the existing fuel injection 
system and gaseous fuel is then aspirated into the combustion 
chamber through the air intake. For LPG it is common to convert 
diesels only for heavy load operation, typically above 60 
percent of full load because of rough handling and a drop in 
thermal efficiency at lower load operation. While power output 
can be maintained for dual fuel operation (diesel/LPG) 
penalties are incurred with fuel consumption which commonly 


increases by about 10 percent (Ref. 7.14). 


" au 


Compression ignition engines will perform very well on a 
CNG/diesel mixture in terms of power output and fuel 


consumption. However on a large diesel powered vehicle up to 10 


gas cylinders each weighing 50 kg and holding the energy 
equivalent to 8 to 10 litres of diesel oii would be required to 
give only a range of about 80 km (Ref. 7.14). Despite such 
limitations, short haul diese! vehicles may have some potential 
for conversion to CNG if gas supply, payload and cylinder 


fitting constraints can be met. 


In summary, the vehicles most suitable for conversion to 
gaseous fuel, particularly CNG, will be those of limited gross 
vehicle weight (less than 5 - 7 tonnes) and travelling on 
short-to-moderate length well-defined routes where there is 
availability of refuelling outlets capable of providing gas 
compressed to 17 MPa. The cost of conversion to gaseous fuel is 
generally only economic for vehicles expected to have high 
operational usage (above say 20,000 km/a) and if the price 
differential of the gas below gasoline is significant. 
Conversion costs in some countries are substantial; currently 
in Australia they are of the order of $ 800 to $ 1150 (1980 S 
US) for gasoline vehicle conversions and $ 1700 to $ 2300 for 
diesel vehicle conversions. However, experience in Italy 
indicates that these costs can be lowered (see Section 7.1.5). 
Costs vary for CNG and LPG depending on the number of cylinders 
fitted, the size of the cylinders and the type of vehicle 


converted. 


7513,68 The Electric Vehicle 





Electric vehicles (EV) and electric hybrid vehicles (EHV) 
presently available, or under development, are more limited in 
terms of range, speed and acceleration and less convenient in 
terms of refuelling (battery recharging or exchange) than 
conventional internal combustion engine vehicles (ICEV). 
However, EVs have a number of very significant advantages. They 


shift pollution control responsibility to the central power 





stations wnere abatement measures are likely to be most cost 
effective, they are quiet, and they offer significant 
opportunities for switching from petroleum to more abundant 
fuels suitable for electricity generation. In addition, EVs 
have lower operating “nd maintenance costs (excluding battery 
replacement) than ICZVs and longer lives (more than double 


those of conventional vehicles). 


Despite their current limitations, EVs have a potential in a 
variety of transportation modes. It has been repeatedly demon- 
strated that in specialised applications such as slow-speed, 
short-range delivery vehicles, forklifts and underground tipper 
trucks, EVs have operational ard environmental advantages 
despite their high relative capital cost. The EV, for example, 
appears to be suited to town centre bus operation where there 
are frequent stops and the speed required between stops is not 


nigh. 


The potential for the electric car to penetrate the passenger 
car market in any particular country must be considered within 
the context of national urban development structure and vehicle 
usage patterns. There are opportunities for EVs to become the 
'second car' for families in affluent countries where multicar 
ownership by households is the norm. Such households often 
desire a vehicle for short intra-urban trips as well as longer 
non-urban trips. Ref. 7.15 suggests that existing EVs with a 
60 kii range could be used for over 90 percent of all U.S. 
trips. An EV with a 160 km range could satisfy almost all of 
the local travel needs of multi-car households and business 
fleets. Such a vehicle could be available during the 1980s, 


given expected improvements in car and battery design. 


Performance standards promulgated in 1978 (Ref. 7.16) are now 
being met by some currently available EVs. These standards for 


passenger cars called for 


acceleration from O to 50 km/hr in less than 13,5 sec.; 
the ability to climb grades of 10 percent at a constant 
speed of 25 km/hr; 
the ability to climb grades of 20 percent for 
up to 20 sec.; 
forward speed of 80 km/hr for 5 min.; 
range of 55 km for the C cycle of SAE Standard J227a 
for an EV and 200 km for an EHV; 
non electrical energy consumption of no more than 
1.3 MJ/hr for EHVs; and 

g) recharge time from 80 percent discharge of no more than 
10 hr. 


Commercially available vehicles achieving these standards 
employ lead-acid batteries and series or separately excited 
direct current (d.c.) motors. Some vehicles include regenera- 
tive braking where the work done in braking is not lost to heat 
in the brake pads but returned as electrical energy to the 
battery. Motor speed control is generally achieved by thryri- 
stor choppers in the armature circuit. Many EVs have direct 
drives and no transmission, although some have automatic or 
manual shift transmissions. It should be noted that EVs can 
have great acceleration and very high top speeds but at the 
expense of range, cost and efficiency. A tradeoff of these 
factors in existing vehicles has usually resulted in modest 


acceleration and just adequate top speeds (Ref. 7.15). 


A state-of-the-art EV is typifiec by the U.S. Department of 
Energy electric test vehicle, ETV-1 unveiled in June 1979. This 
EV has a low drag coefficient and employs low rolling resist- 
ance experimental tyres. Lightweight materials such as 
aluminium and plastic are used for body parts and windows. 
ETV-1 is equipped with experimental lead-acid batteries, 
separately excited d.c. motcr, transistor power conditioning 
unit for field chopping, armature chopping and micro processor 
control of energy flows. The cost goal for the development was 
S 8000 in 1980 US $ (Ref. 7.15). 


Performance of ETV-1 showed an acceleration of 8.8 sec. for 


O to 48 km/hr, a top speed of 110 km/hr, and ranges of 


200 km at 56 km/hr; 
145 km at 72 km/hr; and 
120 km for the SAE J227a D urban cycle. 


Of the battery systems being developed for EVs, major efforts 
are concentrated on the following systems: advanced lead-acid, 
nickel-iron, nickel-zinc, aluminium-air, iron-air, zinc- 
chlorine, zinc-bromine, lithium-metal sulphide and sodium- 
sulfur (Ref. 7.17). The first three of these battery systems 


are candidates for near term application. 
Tentative goals for EV batteries are (Ref. 7.17): 


duty cycle of 2 - 4 hour discharge, 1 - 6 hour charge; 
specific energy greater then 140 Whr/kg; 


specific sustained power greater than 70 W/kg; 


specific peak power (15 second peak at 50 percent 
state of discharge) greater than 200 W/kg; 

cycle life greater than 1000 deep discharges; and 
cost of about $ 50/kWhr. 


As an indication of progress towards these goals results 


achieved by 1980 with nickel/zinc were (Ref. 7.17): 


a) specific energy of 71 Whr/kg: 
b) specific peak power of 120 W/kg; and 
c) cycle life of 180 cycles. 
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TABLE 7.2 - Technical and Economic Key Data of Passenger Cars 





Task Specific 
Energy Consumption 
Drive Efficiency 
Total Capital Cost 
Total O&M Cost 


First Commercial Year 


Economic Lifetime 


KFA Operating Agent: - 
Maher, K. KFA/STE Jülich, Postbox 1913, 
D-5170 Jülich, FRG. 


Notes 
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Spark ignition, 4 cylinder, 
2 litre engine. Vehicle 
test mass 1300 kg. Standard 
work requirement of drive 
cycle 0.43 MJ/km. Vehicle 
fuelled by/assessment by: 


Gasoline Australia 

LPG - Australia 

M15 KFA Operating Agent 
Methanol Australia 

Ethanol Australia 

Electric vehicle (70 kW) 

with test mass 1600 kg. 
Standard work requirement 


of drive cycle 0.43 MJ/km - 
Australia 























. = currently available 


Assessors 





Australia: - Musgrove, A.R., AAEC, Lucas Heights 
Research Laboratories, Private Mailbag, 
Sutherland, N.S.W., 2232 
Tosato, G.C., Ente Nazionale Idrocarburi, 


Piazzale Enrico Mattei 1, Rome. 


1) Heating Values of Fuels. 





The original Australian data for gasoline and LPG vehicles 
were derived using gross calorific values (GCV). The data 


were recalculated on a net calorific value (NGV) basis for 


the purposes of Table 7.2 using the following heating values 


(Refs. 7.18, 7.19): 

GCV (MJ/kg) NCV (MJ/kg) Density (kg/litre) 
Gasoline 47.14 44.8 0.736 
LPG 50.00 47.7 0.521 


The Australian data for alcohol vehicles were derived using 
NCVs for methanol and ethanol somewhat different from those 


given in Table 7.1. The values used (Ref. 7.20) were: 
NCV (MJ/litre) Density (kg/litre) 
Methanol 15.6 0.791 
Ethanol 20.8 0.789 
The NCV used in the M 15 characterization was from Table 


7.1. 


Task Specific Energy Consumption. The original Australian 





data were presented in units of MJ/passeuger-km, but in all 
cases the occupancy of the vehicle was considered to be two 


persons, adding 100 kg to the unloaded 'curb' mass. 


The Australian assessor provided a number of general referen- 


ces including Refs. 7.21, 7.22 and 7.23 for internal combus- 


tion engine vehicles and Refs. 7.24 and 7.25 for electric 


vehicles. The methanoi vehicle characterizations (M 15 and 


M 100) drew upon Refs. 7.10 and 7.11. For the M 15 vehicle a 


gasoline equivalence (see Section 7.1.2) of 0.7 was assumed 


for the blend. 


Fuel consumption rates by volume corresponding to the ener- 


gy consumption rates given in Table 7.2 were: 


Consumption  (litres/100 km) 


Gasoline 12.5 
LPG 13.75 
M 15 13.09 
Methanol 21.4 
Etharol 19.0 


Drive Efficiency. Calculated as: 





standard work requirement / task specific work requirement 


Total Capital Cost. The average price of a 1980 model 4 





cylinder 2 litre gasoline car in Australia (including a 
significant tariff component) was 
A S 6800, or US S 7770. 


The cost cf converting the same on-the-road gasoline car to 
LPG operation is US $ 1030. An LPG (or possibly dual fuel) 
car might be produced on the assembly line for about an 


extra US $ 600 above the gasoline car cost. 


The Italian assessment of the cost of converting a small 1.3 


litre vehicle to dual LPG/gasoline operation was: 


US $ 
LPG storage tank 50 
Other equipment 100 


Labour costs 180 


330 with 10 percent confidence 
limits of $ 300 and $ 350. 'Other equipment' refers to LPG 


fuel lines, electric valves to control gasoline and LPG 
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flow, a water cooled reducer which by pressure loss and Y 
absorption from the car's water cooling circuit gasifies 
LPG, and a fuel mixer. The additional mass of the tank an 
equipment is 35 kg. 


It is of interest to compare the LPG conversion cost with 
the costs also provided by Italy for conversion of a simi 


1.3 litre vehicle to dual gasoline/CNG operation. 


Here the conversion cost breakdown is: 


US $ 
3 aluminium or steel 700 
storage tanks 
Other Equipment 120 
Labour Costs 180 
1000 


The mass of the 3 CNG tanks, each designed for a maximum 
pressure of 22 MPa, is 70 kg if constructed in aluminium, 
100 kg if in steel. 'Other equipment' refers to valves fo: 
dual fuel operation, switches, manometer, water cooled 
methane reducer and fuel lines. The assessor notes that, 
the engine is run only on CNG, the efficiency of the vehi: 


is 1.15 to 1.2 times that of a corresponding gasoline car. 


The costs of converting a car to M 15 operation are trivi: 
consisting only of replacement of fuel line components li! 


ly to be affected by methanol with alternative materials c 
similar cost. 


The high cost of the electric car is based on present day 
values which represent low volume production of vehicles 
barely advanced from prototype status. Other sources (e.g. 
Ref. 7.15) which perhaps err on the other side towards 
optimism indicate a large volume production cost about 

20 percent greater than that of equivalent conventional 
vehicles. 


leat 
the 
a 


lar 


or 





5) Operating and Maintenance Costs. For internal combustion 





engine vehicles the estimated costs are broken down as 


follows: 


$ US per year 
Tyres 208 
Service, repairs, 
vehicle damage 


Road repairs etc. 


For the electric vehicle O&M estimated costs break down as 


follows: 


$ US per year 
Tyres 100 
Service, repairs 300 
vehicle damage 
Battery replacement 540 
Road repairs etc. 140 
1080 


Battery replacement cost corresponds to a complete replace- 


ment of the battery pack every three years for $ 1620. 


ven Unit Trains 





A unit train is a complete train dedicated to transporting 
minerals directly from a loading point at a mine to an 
unloading point and returning empty. There are obvious savings 
compared with conventional methods where trains carrying mixed 
commodities are made up and subdivided in marshalling yards. 
Among their different cargoes, unit trains have hauled mainly 


coal, iron ore and phosphate. 


An advantage of unit trains is that they can be loaded and 
unloaded rapidly without uncoupling. The type of car (wagon) 
can be hopper, gondola, tank or covered. The rotary dumper is a 


proven method of rapid unloading, averaging 35 cars per hour. 


A typical unit train might consist of 100 to 130 loaded cars 
headed by five or six locomotives with a caboose behind - a 


total weight of more than 16,000 tonnes. 


Three characterizations were received from Australia of 
locomotive types suitable for hauling iron ore unit trains from 
mines in the Pilbara region of North West Australia to coastal 
loading facilities. The types considered were diesel-electric, 
electric and the unproven technology of dual injection, 
methanol/diesel - electric. These locomotive types are 
discussed in sections 7.2.1, 7.2.2 and 7.2.3 and Australian 


characterizations are summarized in section 7.2.4. 


fe Pe Diesel Locomotives 





The displacement of coal fuelled steam locomotives by diesel 
traction over the past 40 years was almost total. There are 
even instances of large investments in main-line electrifica- 
tion in the USA and elsewhere being abandoned in the face of 
the economic advantages of diesel locomotives. Attractive 


features of the diesel are listed in Ref. 7.26 as foliows. 


` ` wqwÀHT m E o cdacssÉd ll 
° 
- 
` 


Relatively low capitai cost attained from the use of 
standardised designs and mass-produced components by the 
main manufacturers. 

High overall thermal efficiency of about 25 %, well- 
sustained through the useful power output range. 

High reliability. Ref. 7.26 quotes failure statistics 

for the 2240 kW L-class diesel units operated by Western 
Australia's Westrail for passenger, grain and mineral 
traffic. An in-service failure that prevents or delays a 
unit from completing its rostered journey occurs on average 
only once every 54,000 km. 

Flexibility in traffic. The same diesel unit can effi- 
ciently work different kind of train. 'Multiple- 

unit' operation by one driver, allows power to be 
economically tailored to traffic demand. 

Availability for traffic. Availability is over 90 % with 
well-proven models and good maintenance. 

Low maintenance demands. Ref. 7.26 provides some specifics 
for the L class diesel units operated by Westrail. They 
run typically 12,000 km in a month, and achieve 25,000 km 
before they require scheduled mechanical examination beyond 
refuelling, sanding, liquid-levels and safety checks. Only 
at 75,000 km intervals is the diesel engine throroughly 
examined. Wheels last 400,000 km before replacement, when 
traction motors are also overhauled. Not until then does 
the locomotive have to be lifted off its bogie. The diesel 
locomotive will run typically 900,000 yn (18,000 engine 
hours) before its cylinder heads are removed for overhauls 


that involve removing pistons and cylinder liners. 


Increases in specific output of rail traction diesel engines 
have been and will be attained by increased turbocharging and 
intercooling. Motivation for engine uprating will come from the 
need for low specific weights in high-speed service. The penal- 
ties for uprating will be increased maintenance demands and 


only better design, new materials and more sophisticated 


preventive maintenance practice will keep wear rates at the 


levels achieved by operators of the present more conservatively 


rated engines. 


Nevertheless, over the next 20 years world railways will be 
well placed to use all the power that the engiae manufacturer 
can reliably build into locomotives engined by a single medium- 
speed diesel. Powers could rise from the typical 2000 - 2500 kW 
main line range to 3500 kW in the late 1980's using uprated 18 
to 20 cylinder versions of existing engines, and then rise 
again by the year 2000 to perhaps 4500 kW with a completely new 


generation of diesel engines. 


Ref. 7.26 notes that quick-running (1500 rev/min or above) 
diesel engines are used in regular heavy freight or mineral 
traffic in the USA, Brazil and the Soviet Union. However, the 
reduction in mass is at the expense of having the period 
between overhauls falling to about 5000 hours. In contrast, the 
throroughly developed medium speed diesel engine routinely 
achieves 15,000 - 25,000 hours between major overhauls. On the 
other hand, the relatively compact and portable quickrunning 
engine favours convenient unit-exchange of repaired, bench- 
tested engines thus reducing locomotive outage time. But there 
is no great incentive to develop such an engine for the major 
railways because the higher specific mass of the wellregarded 
medium-speed engine is no disadvantage with North American 
axle-loads. The wide spread application of the quick runnin 


diesel before 1990 is therefore unlikely. 


Alternative Diesel Locomotive Fuels 





Ref. 7.26 notes that a possible engine development is a multi- 
fuel variant of an established compression-ignition engine to 
burn both liquid and gaseous fuel. Natural gas is readily 
burned in a dual-fuel diesel engine modified for the admission 
of gas into the induction manifold and to initiate and sustain 
combustion by the constant injection of around 5 $ of the 
equivalent full power volume of diesel fuel. Most natural gas 
applications to data are slow-speed 4-cycle stationary engines 
powering generators or pumping sets. Medium-speed diesel 


engines should be suitable for similar modifications, but no 
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locomotive is known to be running with a dual-fuel diesel. The 
development effort and extra handling and maintenance 
complications could become economically acceptable as preferred 


liquid fuels become more expensive. 


A considerable literature exists on experimental dual fuel 
operation of small diesel engines with diesel oil and methanol 
or ethanol. By comparison, experience with diesel fuel/methanol 
blends in large compression-ignition engines is very limited. 
Reference 7.27 describes the operating characteristics of a 450 
kW, 4-stroke, six cylinder, turbocharged locomotive diesel- 
electric engine running on diesel/methanol blends. A comparison 
of the results obtained in this work and those obtained in 
similar experiments with smaller engines indicate that, the 
larger the engine, the more critical is the compromise with an 
adequate compression ratio that allows diesel combustion 


without methanol detonation. 


Reference 7.27 summarises that in diesel engines running with 
fumigated fuel into the intake manifold, alcohol combustion is 
very critical, varying between auto-ignition (Otto type 
detonation) at high loads, and incomplete burning with low 
efficiency and methanol quenching with ignition delay and 


Diesel type detonation at low loads. 


FU Electric Locomotives 





The electric locomotive is the main alternative to the diesel 
at present; the European and Japanese railways are 


substantially electrified. 


The viability of rail electrification depends on large 
efficient power stations being located within several hundred 
kilometers of railway substations. This condition is not met in 
many parts of North America and Australia, for example. For the 
next 10-15 years, and pending further developments in uitra 
hich voltage, direct current transmission technology, the 


prospects for railway electrification seem limited by the 
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economics of transmitting alternating current within a range of 


say 500 km of a low cost energy source. 


Reference 7.26 lists the following advantageous features of 


electric traction. 


a) The possibility of using locally-available non-oil energy 
sources without having to develop new locomotive technolo- 
gies (e.g. dual-fuel diesels, gas turbines). 

The ability to exceed substantially the continuous rating of 
the locomotive for short periods when accelerating or clim- 
bing short gradients. 

High energy conversion efficiency of about 90 % for the 
locomotive and over 25 $ for the complete power station/ 
transmission/locomotive system. 

Good locomotive availability of almost 95 $. 

Reduced maintenance demands and costs. Various authorities 
put these at 50 to 65 $ of equivalent diesel costs. Engine- 
dicated diesel locomotive overhauls typically occur at 
500,000 - 900,000 km intervals. European electric units have 
doubled this performance. 

High power-to-mass ratios *hat are well suited to intensive 
and/or high-speed passenger services, particularly on heavi- 
ly graded lines. This is not such an important consideration 
for unit freight trains. 


Energy economies from regenerative braking. 


Freedom from diesel exhaust pollution and easier control 


of emissions from stationary power plants. 


The major disadvantage of electric traction is the high capital 
cost of the fixed substations and the overhead system (catenary 
and supporting towers). Another disadvantage is the cost of 
immunising signalling and telecommunications circuits from 


electrical interference. 





The standard voltaqes for which there are both well developed 


equipment and a base market for future technoloqies are 


- 20 kV (Japan) 
- 25 kV (internationally used and virtually the 
existing AC standard), and 


kV (a fairly recent US development). 


Ref. 7.26 presents a very wide range of electrification cost 
estimates ranging from $ 37,000 to $ 220,000 (1980 $ US) per 
single track kilometer of 25 kV AC overhead (including 
apportioned substation cost). The upper value is for a complex, 
sharply curved urban system with many intruding structures and 


difficult clearance problems. 


TO these mainline costs one must add costs for electrical 
shielding for signal and communications (immunisation), 
overhead system premiums for bridges and tunnels, overhead 
system in yards and sidings, grid connection cost, and overhead 


system maintenance costs. 


Heavy Duty Locomotives - Characterization Summary 





Australia provided three locomotive characterizations. These 


are summarized in Table 7.3. 


TABLE 7.3 - Technical and Economic Key Data of Heavy 





Locomotive Type 


Duty Locomotives 





Engine Size 
Task Specific 
Energy Consumption 


| Drive Efficiency 


Total Capital Cost 
Fixed O&M Cost 
Economic Lifetime 
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Diesel-electric 


Methanol/diesel- 
electric 


Electric 





























Assessor 





Australia: - Musgrove, A.R., AAEC, Lucas Heights 


Notes 








1) Engine Size 





Diesel Locomotive is the Co-Co type M636 built by Common- 


Research Laboratories, Private Mailbag, 


Sutherland, N.S.W., 


wealth Engineering Co. (Australia) 


2232 


Co. (USA) 


American Locomotive — 


General Electric Co. (USA). Mass 190 t, axle load 310 kN as 


operated on the Pilbara iron ore railways. 


Methanol locomotive is hypothetical M 636 type with modified 


engine and dual methanol/diesel injection system. 


Electric locomotive can be regarded as AC traction equipment 


on the deck of an otherwise standard Co-Co diesel electric 
freight unit (following current North American design 
approach). Such an approach (Ref. 7.26) would produce, 
within axle loads slightly reduced from those of the 
equivalent 2685 kW diesel electric, a 3800 kW, 120 km/h, 
Co-Co electric locomotive that would show improvement on the 
diesel's adhesion. While probably not the optimum loco- 
motive, it would safely restart the heaviest existing ore 
trains. On these trains the electric unit would replace the 
diesel one-for-one and would haul the trains uphill at 
faster speeds. On lighter, faster mixed freight trains two 


electrics would comfortably replace three diesels. 


The European approach to replacing the diesel unit train 
locomotives would be based on the short train philosophy, 
inclining towards a low cost standard 4-axle mixed traffic 
electric locomotive, with all components developed from 


scratch for electric use. 


Task Specific Energy Consumption 





The energy consumption rate of locomotives depends strongly 


on the task achieved. 


The unit trains presently hauled by diesel-electric loco- 
motives in the Pilbara consist of 3 locomotives drawing 

184 ore-cars. Each car carries about 100 tonnes of ore. The 
methanol/diesel - electric locomotive described is suited to 
execute the same task. However, the electric locomotive des- 


cribed would be used in 3 loco, 152 car combinations, the 
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irn-around of an electrified system 


"loads would still be 100 tonnes. 


ilbara lines haul 23,000 t gross up 
amically brake it down 2 $ grades. The 
h with these trains, which are among 

and which approach the rated maximum 
otive. The duty cycle involves 60 $ more 
ion than the North American main lines 


was originally developed. 


ergy consumption (TSEC) value given for 
locomotive was calculated by the asses- 


ific basis from 


per round trip X 38.3 MJ/litre 
ip X tonnes of iron ore moved per trip 





.133 MJ/net tonne-km. For Tible 7.3 the 
d assuming a NCV for diesel oil of 
7.19). 


oel in Queensland over the Great Divi- 
l ports against grades no greater than 
ilar basis, about 0.23 MJ/net tonne-km, 
than 2 $, 0.3 MJ/net tonne-km. By 

gives as a rough guide a task specific 
or USA coal unit trains of 0.28 MJ/net 
indicates that in the U.K. for fully 
trains and whole trainloads 0.35-0.45 


oe achieved, though the average 


l/diesel-electric locomotives was 


sessor from 


SEC (diesel) X drive efficiency (diesel) 
drive efficiency (methanol) 





to give a value of 0.12 MJ/net tonne-km. Since the assessor, 
in fact, used a NCV for the methanol component (90 $ by 
volume) of the input to the dual fuel locomotive, the TSEC 
has been recalculated to be 0.126 MJ/net tonne-km (26/28). 


TSEC (electric locomotive) was calculated in a similar way. 


Drive Efficiency 





Little experience has been accumulated with large methanol 
fuelled diesel engines. Smaller plant such as the spark- 
assisted M.A.N. FM bus engine (Ref. 7.30) running on 
methanol have shown equivalent or lower operational 
efficiencies than equivalent diesels operating on standard 
fuel. However Ref. 7.31 reports on investigations with an 
air-cooled, turbocharged, hig-swirl open-chamber, single 
cylinder diesel engine with methanol direct injection. 

The efficiency of the alcohol dual fuel engine was equal to, 
and at low engine speeds and high load, even considerably 
better than the conventional engine. The superiority of the 
methanol engine in the low speed range was advanced in 

Ref. 7.30 as a reason for increased methanol consumption 

in the M.A.N. bus - drivers used faster acceleration in the 


stop and go pattern of urban traffic. 


Assessor gives capital cost of diesel-electric locomotive 
in 1980 $ US as $ 1.1 * 109 with 10 $ probability of being 
greater than $ 1.5 * 10°, Converting 1976 $ Aust. cost of 
$ 750,000 for a M 636 locomotive (Ref. 7.26) to 1980 $ US 
gives $ 1.2 * 10°. To arrive at the capital cost of the 

methanol/diesel-electric locomotive, the assessor adds to 
the diesel-electric locomotive capital cost given above 


$ 25,000 for a dual fuel injection system. 


For the capital cost of the substitutable electric loco- 


motive the assessor gives $ 1.7 * 105. Converting minimum 


1976 $ Aust. cost of $ 1.1 * 109 for such a unit (Ref. 


7.26) to 1980 $ US gives $ 1.76 * 109. 


Total O & M Costs 





For the diesel-electric locomotive the assessor estimated 
annual O & M charges of $ US S$ 51,300, based on 

$ 0.285 per train-km annum with one major overhaul every 
4 years. This can be compared with Ref. 7.26 which gives 
$ 62,000, on converting to 1980 S US. 


For the methanol/diesel-electric locomotive the assessor 
estimated annual O & M charges of $ 66,000 with a 10 $ proba- 
bility of being less than $ 55,000. 


For electric locomotives travelling on an iron ore railway 
with 1000 km under wire a locomotive O & M cost of $ 26,000 
and an overhead and substations O & M cost (per locomotive) 
of $ 10,000 was assigned. For this railway Ref. 7.26 gives 
a value of $ 38,400 for electric locomotive O & M costs 

on converting to 1980 $US, and a value of $ 12,600 for 
annual O & M costs per locomotive for catenary electrifi- 


cation. 
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7.3 Container and Bulk Cargo Ships 





At present, about 4,5 % of annual world oil production is 
consumed in ship engines, predominantly in those of large bulk 
cargo carriers. Oil itself provides the largest tonnage of 
sea-borne bulk cargo. The world fleet at July 1981 consisted of 
172 million tons gross (Mtg) of oil tankers, 113 Mtg of ore, 
bulk and bulk/oil carriers, and 102 Mtg of container, general 


cargo and specialized carrier ships (Ref. 7.32). 


Smaller tonnages of general sea cargo are moved, usually in 
standard sized containers. A common container size is 

20 * 8 * 8 cubic feet, typically holding about 20 tonnes of 
cargo. Container traffic is often measured in terms of this 
unit; that is, in terms of the 'twenty foot equivalent unit' or 


T.E.U. 


Almost every cargo ship is powered by an oil fuelled engine, 
either a marine diesel or a boiler/steam turbine cycle. Over 
200 naval ships are nuclear powered but for operational rather 
than economic reasons. Coal has been almost totaliy displaced 
by oil as the motive power source for ships during this 
century. In 1926 only 5 % of the world tonnage was oil fuelled. 
By 1936 it was 19 $ and in 1979 95 $ of the total tonnage 


registered. 


However, the situation now is that the fuel cost has escalated 
to such an extent that fuel oil and diesel oíl represent in 
some cases 40 percent of operating costs. This has resulted in 
many ships steaming at well below designed speed to reduce fuel 
costs (as an approximate rule, power requirements are 
proportional to the cube of the ship's speed). Opportunities 


for coal, coal/oil slurry or gas fired ships have therefore 


appeared. 


Specific power requirements and hence specific fuel consumption 
rates of marine engines fall significantly as the size and 
capacity of the ship increases. Capacity is normally measured 
in deadweight tonnes (dwt), the difference in tonnes between a 


ship's displacement fully laden and its displacement at light 
draft; thus capacity comprises cargo, fuel, stores, water etc. 
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Ref. 7.33 indicates a typical specific power of about 1.3 
kW/dwt for a container ship and less than 0.2 kW/dwt for a 
large oil tanker or bulk carrier. 


Australia has provided characterizations for conventional o: 
fuelled coastal container ships powered by either diesel or 
steam turbine (Section 7.3.1) and for a coal fired steam 

turbine bulkship (Section 7.3.2) suitable for coastal or lor 


distance hauls. Key economic and technical data from the 
characterizations are summarized in Section 7.3.3. 


7.3.1 Oil Fuelled Ships 





Below a shaft power (power delivered to the propeller) of 

11,000 kW the diesel is almost always the only power plant ı 
in commerical craft. The diesel has a lower fuel consumptior 
rate than the steam turbine. Other advantages are its quick 


starting, stopping and securing which reduce standby losses. 


A typical slow speed (two stroke) marine diesel with a brake 
power of 11,000 kW at 115 rpm will have 12 supercharged 
cylinders each with bore diameters of 90 cm., and strokes of 
150 cm.. Total engine weight can be on the order of 1,000 


tonnes. 


Large slow speed direct drive diesels are used as well as 
medium speed diesels driving propellers through 2 : 1 or 3 
reduction gears, with flexible couplings installed between 
engine and gear pinions to absorb variations in torque, thus 


preventing vibrations. 


The main developments in future marine diesel machinery wil! 
take further advantage of improved turbocharger efficiencie: 
and the possible introduction of two stage turbocharging to 


increase the turbocharger pressure ratio from the current 
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values of 3.5 to 1. Design improvements will permit the 
uprating of machinery so that the output per unit length and 
unit weight will be increased but it is expected that this can 
be don» without increasing the ratio of maximum pressure to 
mean pressure significantly. The specific fuel consumption will 
therefore remain basically at the current level of 216 g/kWh 


when burning marine fuel oil (Ref. 7.33). 


The majority of existing ships' equipment has been designed to 
operate on intermediate marine fuel grades, generally in the 
kinematic viscosity range 180 - 200 centistokes (cst) at 50°C. 
However, in the more modern ships, with large bore, slow-speed 
diesel main propulsion engines, the tendency has been to use 
heavier grade fuels, typically up to 400 cst at 50°C. (Ref. 
7.32). 


The other iain contender for marine propulsion is the steam 
turbine. Two main types of steam turbine design now predomin- 
ate: the cross compound single plane design with axial flow 
condensers and the multiplane design with underslung 


condensers. 


The design of steam boilers is influenced to a great extent by 
the need to reduce maintenance costs, in addition to the usual 
aims of high output and increased boiler efficiency. Main pro- 
pulsion water tube boilers now have evaporation capacities of 
75,000 - 130,000 kg/hr, with design pressures of 6,500 - 

7,500 kPa and super heater outlet temperatures of about 

510*C (Ref. 7.34). 


The basic technology for increasing the output from steam 
turbine designs is already available and can be achieved with 
little increase in the size of the plant. Two basic types of 
cycle are expected to emerge (Ref. 7.33), the first and 
simplest (the straight Rankine cycle) being for the higher 


power ranges. Installations of this type will be based on twin 


boilers with steam conditions of 6,300 kPa and 510 *C. Three 


feed-water heaters, including one in the high pressure part of 


the feed-water system would give a service fuel consumption of 
280 g/kWh at 29,420 kW burning a heavy marine fuel oil. 


The second type of installation would be based on a re-heat 
cycle with twin boilers and steam conditions of 10,100 kPa and 
510° C. The remaining features would be basically as described 
above, except for the use of five feed-water heaters in the 
cycle, giving a fuel consumption of 255 g/kWh. under 


anticipated operating conditions. 


7.3.2 Coal Fuelled Ships 





The first coal-fired vessel to be built for a quarter of a 
century, the 75,000 dwt Panamax sized ‘River Boyne', has been 
launched at the Mitsubishi Heevy Industries Ltd. yards for the 
Australian National Line (ANL) and, as of July 1982, there were 
ten of this modern breed of steamship in order or being con- 
structed in yards around the world (Refs. 7.35, 7.36). 
Mitsubishi is building a sister ship to the 'River Boyne' for 
ANL and the Italian firm, Italcantieri is constructing two 
similar vessels for the firm Bulkships Container Pty. Ltd. 

All four ships will be used on the same bauxite coastal run 
(Weipa to Gladstone) by ANL. 


ANL's vessels have two Mitsubishi - Combustion Engineering V2M 
- 9s main boilers, arranged solely for coal firing supplying 
steam to turbines capable of developing an output of 14,000 kW. 


The boilers are steamed at all times at sea and in port. 


The handling of coal from the bunkers to the daily service 
hoppers just above the boilers is achieved by a pressure 
pneumatic system, applied for the first time to a shipboard 
installation. Fly ash is separated from the flue gases and 
clinker ash and, after crushing, is fed from collection hoppers 
to ash storage tanks also by a pneumatic system. The IMCO 
Convention on the Pollution of the Sea by Ships has placed 
large areas of world seas and oceans off-limits for the 
discharge of solid material. Therefore ash storage is essential 
(Ref. 7.37). 


The Bulkship design has only one main boiler. This is a Franco 
Tosi built, Combustion Engineering stoker-fired water tube 
design, capable of oil firing. The boiler provides steam to a 
General Electric cross-compound turbine with a shaft power of 
14,200 kW. The service speed will be about 15 knots (27.8 


km/hr) requiring a daily coal consumption of 220 tonnes. 


A contract for a single coal fired bulk carrier was placed in 
1981 by New England Electric Co. in the USA with the General 
Dynamics Quincy shipyard. The first ocean going coal burner to 
be offered in the USA fcr 30 years, it will haul bunker coal to 
the owner's power stations. It is likely that coal ships will 
be dedicated to specific shuttle routes until bunkering and ash 


disposal facilities are widespread in ports around the world. 


The New England Flectric ship is about 37,000 dwt with a 9,000 
shaft kW turbine supplied with steam driven by two Foster 
Wheeler Corp. boilers each producing 20 tonnec/hr of steam at 
6000 kPa and 480°C. The boilers are arranged for either coal or 


bunker C heavy fuel firing up to maximum output (Ref. 7.36). 


A coal-firing conversion project being undertaken in Spain at 
the El Ferrol shipyard of Empresa Nacional Bazan for the state 
shipping line ELCANO involves the replacement of one of the 
twin oil fired boilers in each of two 190,000 tonne turbine oil 
tankers by a Combustion Engineering type V2M - 9s coal fired 
boiler rated at 80 to 92 tonnes/hr steam (Ref. 7.32). 


The main disadvantages of coal fired ships are the 10 - 15 $ 
increase in capital cost over a diesel equivalent and the loss 
in cargo capacity resulting from the higher volume of fuel that 
must be carried. The increase in capital cost occurs because of 
the additional plant required and the new technology. The cargo 
capacity loss can be assessed from the fact that about two a 
half tonnes of coal are required to replace a tonne of oil in 


the bunkers. 
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7.3.3 Container and Bulk Cargo Ships - Characterization 





Summary 





Australia provided three ship characterizations. These are 


summarized in Table 7.4. 


Table 7.4 - Technical and Economic Key Data of Cargo Ships 





Shaft Power 
Task Specific 
Energy Consumption 


Energy Consumption 
Total Capital Cost 
Total O&M Cost 


Economic Lifetine 
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Coastal container 
vessel - diesel 


Coastal container 
vessel - steam 
turbine, oil fired 


Bulk carrier - steam 


turbine, coal fired 14.2 0.093 


























Assessor 





Australia:- Musgrove, A.R., AAEC, Lucas Heights 


Research Laboratories, Private Mailbag, 


Sutherland, N.S.W., 


2232 
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Notes 





1) Shaft Power 
The assessor gave the output of the coal fired steam turbine 





as 19,009 shaft horsepower but did not qive engine outputs 
for the two container ships. These ships have a nominal con- 
tainer capacity of 650 T.E.U. (i.e. probably about 13,000 
dwt), steam at 18 knots (33 km/hr) and might be expected 


to have engines delivering about 6 MW to the shaft. 


2) Task Specific Energy Consumption (TSEC). 





The assessor has based his TSEC calculation on the following 
assumptions: 

The steam turbine container ship burns 35 tonnes of heavy 
fuel oil (GCV of 43.8 GJ/tonne) and two tonnes of industrial 
diesel oil (GCV of 45.6 GJ/te) in 24 hours of steaming at 

18 knots (distance travelled - 800 km) with average cargo 
load of 9000 tonnes (Ref. 7.38). 

"he diesel powered container ship as assumed to meet the 
same task, but with an efficiency 20 % greater than that of 
the steam turbine ship. Ref. 7.39 states that the oil fired 
diesel consumes about 145 g of fuel per brake horsepower 
hour while the heavy oil fired steam plant consumes about 
190 g per shaft horsepower hour. 

For the purposes of Table 8,4 the assessor's energy values 
were converted to a NCV basis assuming a NCV/GCV ratio for 
fuel oil and industrial fuel oil of 0.95 (Refs. 7.18, 7.19). 
The coal fired ship is assumed to be of the single boiler 
Panamax type described in Section 7.3.2 with a cargo dead- 
weight of 75,000 tonnes, speed of 14.5 knots (26,78 km/hr) 
burning coal with a GCV of 21.83 GJ/tonne. Coal consumption 
is taken to be 9 tonnes/hr. 

By comparison, Ref. 7.40 estimates a TSEC for a coal fired 
60,000 dwt bulk carrier using coal of about 27 GJ/tonne as 
being 0.17 - 0.18 MJ/tonne-km averaged over a round trip 
when the ballast distance is equal to the loaded distance. 
For the same task Ref. 7.28 estimates a TSEC for a 60,000 
dwt oil fired ship using oil at 45 GJ/tonne as being 

0.09 MJ/tonne-km. 


- J99 = 





For the purposes of Table 8.4 the assessor's energy values were 
converted to a NCV basis assuming a NCV/GCV ratio for fuel oil 
and industrial fuel oil of 0.95 (Refs. 7.18, 7.19). 


The coal fired ship is assumed to be of the single boiler 
Panamax type described in Section 7.3.2 with a cargo deadweight 
of 75,000 tonnes, speed of 14.5 knots (26.78 km/hr) burning 
coal with a GCV of 21.83 GJ/tonne. Coal consumption is taken to 


be 9 tonnes/hr. 


By comparison, Ref. 7.40 estimates a TSEC for a coal fired 


60,000 dwt bulk carrier using coal of about 27 GJ/tonne as 
being 0.17 - 0.18 MJ/tonne-km averaged over a round trip when 
the ballast distance is equal to the loaded distance. For the 
same task Ref. 7.28 estimates a TSEC for a 60,000 dwt oil fired 
ship using oil at 45 GJ/tonne as being 0.09 MJ/tonne-km. 


For the purpose of Table 8.4 the assessor's energy values were 
converted to a NCV basis assuming a NCV/GCV ratio for black 


coal of 0.96. 


3) Total Capital Cost. 





6 in 1980 USS for the container ship is 


The value oi $ 16 * 10 
directly from Ref. 7.38. 

The value of $ 46 * 109 for the coal fired ship is from 
shipping industry sources and is about 15 $ greater than an 


equivalent diesel ship. 








4) Total O & M Cost. 





For the container ships costs obtained from Ref. 7.38 and other 
sources are broken down as follows: 

1980 US $ * 10$ 
Crew (31 people) 2 

Port charqes 1 

(in the range 10000 - 30000 $ 

per call with 30 - 70 calls per 

year) 

Other 

(9 275000 repairs and maintenance 


$ 600000 insurance, management 


Operating and maintenance costs (excluding fuel costs) for 
a coal fired ship are expected by the shipping industry to 


be marginally higher than for equivalent oil fired ships. 
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draft; thus capacity comprises cargo, fuel, stores, water etc. 


8. ENHANCED OIL RECOVERY 


8.1 Introduction 





Not all the crude oil in underground reservoirs can be extracted. 
In the United States, only 32 $ of the total amount of crude dis- 
covered had been recovered by 1978, leaving underground a volume 
approaching 300 billion barrels. The target of enhanced oil reco- 
very processes is several time this figure when world-wide oil 

reservoirs, especially heavy oil deposits in Canada and Venezuela, 


are included. 


Oil is displaced from the reservoir either by the gas cap formed 
over it or by the water vein displaced during the formation of the 


deposit or by both (figure 8.1). 
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Figure &1: Classical representation of an oil reservoir. Verti- 





cal section 


These forces have a recovery efficiency which is limited by many 
geochemical, geophysical, geological stratigraphic, sedimentologi- 


cal and reservoir engineering factors. 


The recovery process can be thought as a sequence of three elemen- 


tary steps, which develop at different geometric scales. 
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At tne reservoir scale, the areal sweep efficiency, E, i: 


the fraction of the reservoir area that comes into contac 





with the displacing fluid. It depends on the flow geomet: 
(that is, on the distribution of the producer wells, the 
injector wells and their flow rates), on the maximum allc 
water cut in the production wells before they are abandor 
and especially on the mobility ratio between displacing í 
(water) and displaced fluid (oil). The term "mobility rat 
(M) is defined as: 











M Adisplacing fluid " Ky (Sor? m Po 
Adisplaced fluid A, K (Sui) 

where 

A = mobility = à , m^ /N.s 

K (S y) = actual cams wel to water, in the presence 
residual oil, m 

K (Sui? = actual permeability 7 oil in the presence of 
interstitial water, m 

A, = viscosity of the water in the reservoir, Pa.s 

Ao = viscosity of the oil in the reservoir, Pa.s = 


The greater the value of M, the more the water tends to 


the oil, resulting in a self-accelerating effect. 


Consequently, the value of the areal sweep efficiency, E 
decreases as M increases, and this phenomenon occurs rat 
drastically when M»1. As a first approximation it can 

said that En decreases with the increase in oil viscosit 
Equation 1 clearly shows that an increase in the water v 
cosity (a) and/or a decrease in the oil viscosity (po) 

reduce the value of M, and therefore improve the areal s 
efficiency. Enhanced recovery processes which bring abc 
such conditions are polymer flooding (an increase of p.) 


thermal methods in general, which by increasina the rese 


wable 
led, 
‘luid 


.lO 


(1) 


of 


= N.s/m^ 


N.s/m* 


nermeate 


is- 


weep 
ut 
and 


rvoir 





- Jat = 
temperature, bring about a decrease in Po: 


At the macroscopic scale the contact factor, or invasion 











efficiency, É, is the ratio between the volume of reservoir 
actually invaded by the dispacing fluid and the volume of 
reservoir contained within the area delimited by the sweep- 


ing fluid front. 


The contact factor depends on the heterogeneity of the reser- 
voir, on the capillary-to-viscous forces ratio and on the 


mobility ratio M (equation 1). 


As far as heterogeneity is concerned, it is necessary to dis- 
tinguish a heterogeneity on a decimetric or metric scale 
(which, when Myl, lends to instability of the displacing 

fluid front and subsequent fingering, figure 8.2) and a 

'large scale' heterogeneity, which can be identified with 

the presence of layers of different permeability in the reser- 
voir rock (figure 8.3). In both cases the heterogeneity 

leads to the formation of 'islands' of rock containing oil 
that is no longer mobile except by imbibition, and therefore 


oil is lost in the reservoir. 


At the microscopic scale, the 'microscopic displacement effi- 





ciency' represents the fraction of initial oil reserves 





Ep’ 
which are recovered from those sections on the reservoir that 


came into contact with the displacina fluid. 


The value,if E depends on the microscopic structure of the 
porous medium, increases with the fraction of pore volume 
initially occupied by the interstitial water; with the vis- 
cosity of water; and,with the reduction of the water/oil 


interface tension to zero. In other words, the displacing 


fluid must be completely miscible with the oil: all recovery pro- 


cesses in the miscible phase are based on these considerations. 


Figure 8.4 shows the phenomenon of oil trapping. After the dis- 


placing front has passed, drops of residual oil remain which 


are isolated in the pore centers. 































































































































































































Figure 8&2: Fingering of water in oil as a result of the instab- 








ility of the front 
A. Initial situation at equilibrium 


B. Situation after advancement of the water front 
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Figure 8.3: Advancement of water front in a stratified reservoir 
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Figure 8.4: Fluid distribution in a porous medium 





A. Initial reservoir conditions 


B. Situation after water flooding 
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The percentage of reservoir oil that is displaced by water or 
by gas and can thus be produced from the wells (overall oil 


recovery efficiency, ER) is given by the product: 


(2) 


For each reservoir and for each recovery process (primary and 


secondary), the value of E, can be determined by simulating the 


R 
process on a numerical reservoir model. 


As an example, typical values of coefficients which appear in 


equation 2 for recovery by water flooding are: 


- areal sweep efficiency t 0.7 to O.9 
- contact factor : 0.6 to 0.9 
ED - microscopic displace efficiency : O.4 to O.6 


from which it can be deduced : 


En - overall oil recovery efficiency : 0.15 to 0.50 


It should be noted that about half of the oil retained in a reser- 
voir has been trapped in the pores, and the other half has been 


contained in rock "islands" by-passed by the water. 


Many enhanced oil recovery processes have been studied (figure 8.5). 
Only the more commcn or promising (tables 8.1, 8.2) have been 


characterized. 


The different processes usually are not in competition; they simply 


cope with different reservoir conditions (figure 8.6, 8.7). 
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- Enhanced Oil Recovery Processes 


(excluding water in- 








jection) 


underway in 1979 outside the American Continent 











continued 








Type of process 


EAD + - 


Caustic floodinq 


Polymer floodinq 


Surfactant floo 


ding 





Micellar/polieer 


Hot water fimding 


Steams soak 


Steam drive 





Country 


Year bequn 


' Production rate 


(B/D) 


Type of process 


Country 








Germany 


Germany 


Germany 


Hunqar y 
Hung ify 
Hungary 
hungary 
[ rami e 


US SR 


trance 


West Germany 
indones i 


West Germany 


Indone: | “ 


Ho J | and 


West Germany 


West Germany 


france 
IIS SR 
ISSR 


f 
kí 


Dickel 1980 


Shaim ! unknown 


Orre! Sud 1975 
Hankensbüttel 1977 
As] ansk | unknown 
Buzovin | un«rown 


Orlyansk | unknown 


Samotior ! unknown 


Hassal 

Messaoud ! 964, 
Intisar | 1969 
Folusz 197) 


: tavropol unknown 


Hudata 1969 

1974 
10v4571 1975 
Naqylenqye! 1979 
Grenade 1979 


luimazy unknown 


Chat eaurenar d 


(mlichheim 
urd 


Rühlermoor 


ur) 1976 
Schoonebeck 197? 
Georqsdoríf 1975 
Rühlertuist 1978 
lacq Supérieur 1977 
Yareqa 1968 
Aspheron unknown 


akhai'n unknown 


unknown 


unknown 


unknown 
unknown 
unknown 
unknown 


unknown 


unknown 


60,000 


| 100,000 


20 


unknown 


250 
unknown 
unknown 
unknown 

10 


unknown 


60 


2,100 
22,000 


unknown 


34 ,000 
1,600 
900 

1, 300 
380 
?,600 
unknown 


unknown 








In situ coabu- 


stion 





IRomania 
Roaania 
Romania 
Hungary 
USSR 





"T 





USSR 
— 


—— 


Suplacu de Barcau 
Suplacu de Barcau 
Balar:a 

Dea jén 

Krasnodar 


Russkoye 








Year begun 


Production rate 


(B/D) 





1964 
1964 
1975 
1973 
unknown 


unknown 





5,800 
5,800 
60 

20 
unknown 


unknown 


erc mm 











DENSITY OF STOCK TANK OIL 


0,85 i 0.95 1,00 








reverse combustion 





steam injection. forward combustion 





miScible flooding with natura! gas or CO; 





ter injection, mice!lar solutions 
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Figure 8.6: Ranges of applicability of enhanced oil recovery 





Figure 


processes as a function of the density 


of the oil 


(or API gravity) 
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8.7: Ranges of applicability of the various enhanced oil 





recovery processes as a function of reservoir depth 
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8.2 Enhanced Oil Recovery with Steam Injection 





Steam injection is performed according to two different techniques, 
that is: 


alternate cycles of steam injection and oil production 


from the same well (huff and puff, or steam soak), 


figure 8.8 


continuous steam injection (steam drive), figure 8.9 


1. AT THE END OP THE 
STEAM INJECTION CYCLE 
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2. AT THE END OF THE 
OIL PRODUCTION CYCLE 
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Figure 8.8: Schematic diagram of fluid and temperature distribu- 
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tions in the reservoir in a steam soak (also called 


'huff and puff') process 
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In the strict sense of the term, steam soak should not be con- 
sidered an enhanced oil recovery process, but rather a method of 
stimulating the productivity of the wells: in fact there is no 
increase in oil recovery, but only a reduction in the time needed 
to deplete the reservoir. The injected steam heats the reservoir 
rock near the well, displacing forward the fluids contained there- 
in. In the successive phase of production, the oil flows towards 
the well, unde. goes a reduction in its viscosity due to heating, 


which causes an increase in the productivity index of the weli. 


Alternating cycles of injection and production are continued 


until the economic limit of the well's oil flow rate is reached. 


On the other hand, continuous steam injection is a true enhancement 
oil recovery process, and its considerable success can be 

attributed to the fact - which is obvious, but not always consi- 
dered - that the transmission of heat occurs even in those layers 
which are impermeable to fluid flow. Whereas the lack of permeabi- 
lity of a layer prevents fluid flow (and thus mass flow), it does 
not prevent the flow of heat: the thermal conductivitv of rock is not 


affected very much by its lithology and fluid content. 
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INJECTION PRODUCTION 
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Figure 9.9: Schematic diagram of fluid distribution in the reser- 





voir in the case of steam drive 


tary steps, which develop at different geometric scaies 
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As a result, the steam only has to flow through a limited 
number of permeable intercalations in order for the whole reser- 
voir to become heated by heat conduction. This enables the oil 
to become fluidized and displaced (by imbibition or by dissolved 
gas drive) even from those "pockets" of the reservoir that had 


not been in contact with the steam. 
Research efforts aim: 


(1) To improve the recovery efficiency of the process by: in- 
creasing the size of the steam zone through use of foams, 
gels and polymers; increasing displacement in the hot water 
zone through the use of chemical additives; examining means 
for optimizing the process, including analyzing the effects 


of steam quality and rate; and, the use of steam/inert gas 


mixtures. 


To extend the steam flood process to more difficult res- 
ervoirs, such as: deeper reservoirs (below 800 m) through 
use of downhold steam generation; lighter oil (20-30° APT) 


reservoirs; and, tar sands. 


Summarized in table 8.3 below are the data for enhanced oil 


recovery by steam injection: 


TABLE 8.3 - Enhanced Oil Recovery by Steam Injection 








Contents of | Expected 
Country the oil Oil 
Reservoir | Recovery 


Total Annualized Fixed Variable 
Project Cost | Capital Cost| O&M Cost | O&M Cost 





Unit 109? g 109g g bbl g /bb1 g /bbl 








Italy - 3-6 6-9 11-12 


























ASSessor 





Tosato, G., Ente Nazionale Idrocarburi; Piazzale Enrico Mattei 1, 


Rome, Italy 
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Notes 





(1) The process is already in operation. 


(2) Contents of the Oil Reservoir 





This was the initial oil content of the reservoir 
Valle Cupa (Italy). Up to 1964, 7.8 $ has been rec 
by conventional methods. It is hoped that another 


19 $ will be recovered by the steam injection tech 


(3) Total Project Cost 





Fractions of the total project cost of $9. 10° a 


data collection 4 $ 
reservoir engineerina study 5$ 
pilot construction 81 $ 
process test 10 $ 


(4) Variable Operating and Maintenance Cost 





The variable O&M cost can be split as follovs: 


Steam (for 3O $/bbl oil price) 2-3 &/bbl 
Financial cost: taxes 2 $/bbl 
royalties 4 $/bbl 


windfall profits 3 $/bbl 
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8.3 E j | | 
3 Enhanced Oil Recovery with in Situ Combustion t underground combustion to reservoirs at shallow depths, which TABLE 8.4 - Technical and Economic Data - Enhanced Oil Recovery 





have a limited unit cost for drilling and well completion. There by in Situ Combustion 





There are two differ h i * i ! w i ' I ' 
ent technologies tor enhanced oil recovery is also a significant amount of corrosion in the production wells, 


by means of partial combustion in the reservoir: forward combus- x due to the effect of the combustion gases which at times have a 





tion and reverse combustion. Only the former has had a certain : : : ; 
Y high content of SO, and SO}. This requires the use of special 


success; reverse combusti T i ' ) 
bustion has been limited to a few pilot | steels, particularly in the tubing and surface separators. Inputs 








field projects, especially in tar sands. 


A more recently developed method for controlling temperature and E Co Combustion}; Self combustion 
untry| air of Oil in Place 


Net Incremen- 
tal Production 
Total Project 
Annualized 
Capital Cost 
Fixed OaM Cost 


in the In forward combustion the combustion front in the reservoir advances ; : : : ; ; 
reducing air/oil ratios is to use forward combustion and water. 





300 TO 600°C 


Cn 


mi 


The injection of water cools the combustion zone by vaporization M Ge Unit m` (air) E % of remaining 10 
mo (centre| of oil in place | oil in place 


— 


'Overed | in the same direction as the fluids moving in the formation. In 


$| $/bbl| $/bbl| % bbl 





15 to practice, air is injected into the reservoir through injection wells, and the resulting hot vapor moves heat through the reservoir 


BURNED VAPOR IZING! CUNDENS ING ORIGINAL OIL | ahead of the combustion front. While this process is still econ- 
ZONE ZUNE ZONE ZONE 








niques. and the oil in the formation is ignited. 
omically unproven, it is reported to be promising in a series of Italy 500-1200 28-39 
































In order for the combustion to be maintained and the combustion NORMAL small pilot tests 
e ; 


RESERVOIR 
TEMPERATURE 


front to advance in the formation, the reservoir rock must be 


re: permeable to air and to combustion gases iownstream of the | , f | f ; 
In situ combustion is still considered risky and only partly 


Assessor 


INJECTION WELL <= 








front. 


TEMPERATURE ——Á 
PRODUCING WELL 


proven. The current objectives for in situ combustion are to 








gain further understanding of this process and to improve its 


y l heat the oil downstream Of the front. In H ' | ) Í , ; 
we cum que went * E efficiency and reliability Research purposes are: x Tosato, G., Ente Nazionale Indrocarburi, Piazzale Enrico Mattei l, 


this oil there occur complex phenomena of cracking and partial M | TEES. Pa. Rome, Italy 
° ° e : | x s, t , 
distillation; the products resulting from cracking and distillation - FLAME FRONT | 


condense downstream forming a bank of light oil (figure 8.10) 

















(1) to test means for increasing the vertical sweep efficiency 


AIR OIL of the combustion front; 


Enhanced oil recovery by in situ combustion is tested on the 


which displaces forward and dilutes the formation oil. The : I INJECTION FLAME PRONT PRODUCTION 
formation water vaporizes end contributes to the production 1 i f (ime ZONE | | 
pe 


en CONDENSING ZONE to demonstrate the economics of the simultaneous water-air T | | | lie | | 

Fe? o. " es n GASES: |! TOUR process; Belleview field in Louisiana (United States). The project 
‘GASES :| 一 | | Am | | 

BURNEL at waw. ES | 1: | 

RUSCEBUMGX HU || 1 

| l | h dedii ' | ZONE 'OIL' PLUS ||: : 

the production well, and the air supporting the combustion 1S | CONDENSED 

| I| ! i 

| of aro? | ORIGINAL OIL 

bustion front advances in the direction opposite to the injected | i ICARBONS |)! ||, | I UH HT 


i i j i j h the iscosity of the . GARBGNS I > =. ' i l | 
air. This practice is appropriate waen EN y | .HOT- WATER THAT Cee LL | | The complete project costed to the operator, Cities Service 
— A - i A A. : š 


— = — 


| il i Lgh th Lt bility is practically zero. NT 一 一 一 — = | 
reservoir oil is so high that its mobility 1S p Y : COKE | — — Uu | x Inc., about 8.2 . 1o9g.,,. This corresponds to 9.7. 10*g,0. 


— 


' 


of oil as a steam drive. 





area is about 25 ha, in which 14 wells have been drilled to 











In reverse combustion, the fire is ignited in the reservoir near 
an average depth of 15 m. 





to extend the combustion process to high-viscosity and tar 


inj site injection well. In this way the com- | 
injected from the opposi J y rens prm 





y sand formations. 




















.— CONNATE WATER — — 一 = 





In both cases, the crucial point is to maintain the combustion ` Ë STEAM e - —  ....ss I EE ni x | | | 
i 3 | Variable Operating and Maintenance Cost 
































and the regular advancement of the front inside the reservoir. 
Variable O&M cost can be split as follows: 


In any event, in order to ensure the continuity of the process, 





it is necessary to have a very small spacing between the injec- 1l. T Figure 8.10: Schematic diagram of fluid and temperature distribution | Cost for air injection 6-11 $/bbl 
tion and production wells. This restricts the applicability of | : in a reservoir exploited by forward combustion | | — E —— ` g /bb1 
royalties 4 2/bbl 
windfall profits 3 $/bbl 
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The cost for air injection nave been calculated for a crude 
price cf 30 $/bbl. 


8.4 Enhanced Oil Recovery with Carbon Dioxide Flooding 





Once it is injected into the formation, CO, dissolves in and satu- 


rates the oil. Due to vaporization, the excess Co, extracts 


the medium-light fractions of the residual oil, forming a CO, 


slug rich in hydro-carbons; this slug is miscible with both the 


reservoir crude and the subsequently injected CO, (figure 8.11). 
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Figure 8.11: Schematic diagram of fluid distribution in the reser- 





Voir, in tne case of miscible co, flooding alternated 


with water slugs 


It should be pointed out that it is not necessary for the injected 
co, to have a high degree of purity in order to reach miscibility 


with the reservoir oil. It is even possible (and in fact there 


- 37O - 


have actually been cases) to have miscible processes using, as 
the displacing fluid exhaust gas from internal combustion power 
generators or boilers (flue gas), consisting of cnly 11-12 per- 


cent CO, and 85-88 percent nitrogen. 


2 
Even in those reservoirs where the pressure is not sufficiently 
high to guarantee miscible flooding, the injection of CO, in the 
immiscible phase may have positive effects on oil recovery: 

this is the case of medium-heavy crude oil reservoirs at 


low depths. In fact, when the CO, dissolves in the crude, it 


causes a considerable reduction k- the viscosity and an increase in 
its volume; these factors interplay to produce an increase in reco- 
very due to water flooding. The weakness of both processes lies in 
the high mobility ratio between the injected gas and the reservoir 
oil: water slugs, alternated with CO, slugs, are used to reduce -~ 
by means of relative permeability phenomena - the mobility of the 


Co, in the reservoir. 


After steam injection, co, flooding in miscible and immiscible 
phases (in the latter case especially as flue gas) represents the 
most promising "nonconventional" enhanced oil recovery process. 


The main problems which limit its use are: 


The difficulty of finding the large quantities of CO, 


necessary for these projects. 


The high investment required to gather, dehydrate, compress, 


and transport the Co», at time over great aistances. 


The problems related the corrosion occuring both on the 
surface equipment end especially in the wells, due to the 
presence or a highly aggressive gas such as CO, accompanied 


in the wells by brines having varying degrees of salinity. 





